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ABSTRACT 


At  the  request  of  the  Assistant  Director  for  Engineering 
Technology,  ODDR&E,  IDA  conducted  a study  of  ceramic-matrix  com- 
posite (CMC)  technology  for  the  purpose  of  assessing  (1)  the 
potential  usefulness  of  such  materials  to  DoD  systems,  (2)  the 
present  scientific  and  engineering  state  of  affairs  for  such 
materials,  (3)  whether  the  DoD  should  contemplate  new  projects 
for  such  materials,  and,  if  so,  (^)  what  should  be  the  technical 
nature  and  direction  of  such  projects.  Approximately  nine  man- 
months  of  direct  IDA  effort  were  devoted  to  this  task.  The  meth- 
odology Included  a survey  of  the  technical  opinions  of  about  300 
knowledgeable  scientists  and  engineers,  and  a workshop  of  about 
15  members  of  the  scientific  community  who  were  actively  involved 
in  CMC  technology.  The  purpose  of  these  was  not  to  establish 
any  type  of  consensus,  but  rather  to  establish  up-to-date  tech- 
nology base  and  opinion  data  which  the  authors  then  assessed  in 
order  to  form  their  own  critical  judgments.  It  should  be  em- 
phasized that  there  are  very  few  ongoing  DoD  projects  or  appli- 
cations for  CMCs;  this  study,  therefore,  is  almost  entirely  con- 
cerned with  possible  future  plans. 

Areas  of  beneficial  applications  are  outlined,  and  it  ap- 
pears clear  that  the  potential  usefulness  of  CMCs  to  DoD  systems 
is  high  and  very  broad  in  scope.  Although  there  are  a few  ex- 
ceptions, it  does  not  seem  to  be  quite  so  clear  which  areas  of 
the  technology  are  likely  to  prove  the  most  promising  for  insti- 
gating future  programs.  Nonetheless,  the  knowledge  base  in  ex- 
istence today  is  substantially  greater  than  that  of  just  a few 
years  ago,  and  the  authors  applied  their  best  judgment  in  attempt- 
ing to  formulate  suggested  initial  projects  for  DoD  consideration. 
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Two  options,  as  frameworks  for  possible  future  actions, 
are  offered.  Option  I contains  what  the  authors  consider  to 
be  the  highest  priority  program,  at  an  estimated  level  of 
effort  of  16  man-years  the  first  year;  Option  II  contains  ad- 
ditional somewhat  lower  priority  but  highly  desirable  projects 
which  add  up  to  an  estimated  total  of  about  29  man-years  the 
first  year.  Since  these  are  all  new  and  speculative  projects 
(with  varying  degrees  of  technical  risk),  no  attempt  is  made 
to  formulate  the  program  for  the  second  year  and  beyond;  this 
must  be  influenced  by  the  results  of  the  R&D.  If  the  DoD  feels 
that  the  application  benefits  are  sufficiently  desirable,  the 
general  recommendation  is  made  that  one  of  these  options  (or 
some  variation  thereof)  be  adopted  and  implemented. 
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EXECUTIVE  SUMMARY 


A.  INTRODUCTION 


At  the  request  of  the  Assistant  Director  for  Engineering 
Technology,  ODDR&E,  IDA  conducted  a study  of  ceramic-matrix  com- 
posite (CMC)  technology  for  the  purpose  of  assessing  (1)  the 
potential  usefulness  of  such  materials  to  DoD  systems,  (2)  the 
present  scientific  and  engineering  state-of-af fairs  for  such 
materials,  (3)  whether  the  DoD  should  contemplate  new  projects 
for  such  materials  In  Its  future  Materials  and  Structures  Tech- 
nology Base  programs,  and.  If  so,  what  should  be  the  tech- 
nical nature  and  direction  of  such  projects.  Approximately  nine 
man-months  were  devoted  to  this  task.  Including  IDA  personnel 
and  consultants.  Dr.  H.M.  Davis,  coauthor  of  this  paper.  Is  a 
consultant  to  IDA. 


A ceramic-matrix  composite  Is  defined  as  a material  with  a 
continuous  homogeneous  ceramic  phase,  reinforced  with  a second 
(or  more  than  one)  phase,  which  may  or  may  not  be  continuous. 

The  second  phase(s)  may  be  either  particulate  or  fibrous  and 
may  be  either  ceramic  or  metallic.  The  major  purpose  of  any 
CMC  Is  to  attempt  to  overcome  the  single  largest  disadvantage 
of  ceramics,  their  extreme  brittleness,  while  continuing  to  take 
advantage  of  their  excellent  hlgh-temperature  properties,  their 
corrosion  resistance,  and  their  hardness.  In  the  present  study, 
only  structural  applications  were  considered  where  the  component 
had  to  withstand  tensile  stresses  with  a high  reliability. 
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B.  METHODOLOGY 


The  major  approach  to  accomplish  the  objectives  of  this 
study  was  to  utilize,  as  much  as  possible,  the  expertise  of  the 
entire  U.S.  technical  ceramics  community.  First,  a technical 
survey  questionnaire  (Appendix  C)  was  sent  to  over  300  knowl- 
edgeable persons  in  the  science  and  engineering  of  high-per- 
formance ceramics.  Second,  an  Intensive  workshop  was  attended 
by  15  persons  selected  for  their  present  Interest  and  experience 
in  CMCs.  Third,  was  the  meeting  of  a five-man  panel,  which  had 
access  to  both  the  survey  and  the  workshop,  to  attempt  to  sum- 
marize the  key  points  brought  out.  Also,  the  authors  conducted 
a literature  search  and  held  numerous  private  discussions. 

It  should  be  emphasized  that  the  end  purpose  of  gathering 
this  vast  amount  of  technical  Information  from  such  a wide  source 
was  not  to  seek  a consensus  of  opinions.  In  fact,  it  is  probably 
next  to  Impossible  to  obtain  a meaningful  consensus  on  such  a 
complex  subject  as  evidenced  by  the  summaries  of  the  opinions 
expressed  in  the  survey  and  in  the  workshop  (Chapters  III  and 
IV  of  the  text).  Rather,  the  end  purpose  was  to  obtain  a rea- 
sonably complete  and  up-to-date  data  base  of  technological 
status  and  a broad  spectrum  of  informed  opinion  from  which  the 
authors  could  draw  conclusions  based  on  their  assessment  of  the 
information.  Thus,  the  final  recommendations  represent  the 
considered  Judgment  of  the  authors.  Since  it  is  impossible  to 
Justify  such  Judgments  on  any  rigorous  basis,  it  is  recognized 
that  other  observers  might  draw  a somewhat  different  set  of  con- 
clusions. For  this  reason,  as  much  of  the  raw  data  and  opinions 
as  feasible  is  Included  in  the  text. 

C.  FINAL  ASSESSMENTS  AND  RECOMMENDATIONS 

The  final  assessments  and  recommendations  of  the  study  are 
summarized  below  in  the  same  sequence  as  the  list  of  objectives 
given  earlier.  It  should  be  emphasized  that  this  is  not  a matter 
of  assessing  the  efficacy  of  what  the  DoD  is  presently  doing; 
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essentially,  there  Is  no  ongoing  DoD  program  of  sufficient  size 
to  warrant  a critique.  Rather,  then,  what  Is  being  done  Is  to 
assess  the  future  potential  of  CMCs,  starting  from  practically 
a zero  present  applications  base. 

1 . Potential  Usefulness  of  CMCs  to  DoD  Systems 

a.  Short-Term  {<5  years)  Applications 

Seeker  Domes.  Many  of  the  present  radomes  are  made  of 
slip  cast  fused  silica  which  presents  problems  In  both  Integrity 
and  rain  erosion.  There  has  been  past  work  on  quartz  fllament- 
wound/slllca  materials  which  showed  promise. 

Reentry  Vehicle  (RV)  Antenna  Windows.  Present  quartz/ 
silica  or  boron  nltrlde/boron  nitride  are  marginal  performers 
as  pointed  out  In  an  earlier  IDA  paper  (Ref.  1).  DoD  work  on 
high-performance  boron  nitride  fibers  Is  almost  at  a standstill 
and  should  be  reinvestigated  for  this  as  well  as  other  appli- 
cations . 

Concrete  Structures.  Iron  wlre-relnforced  concrete  Is 
almost  reaching  a commercial  stage,  particularly  through  the 
efforts  of  Battelle  on  selling  their  Wirerand®  process.  The 
DoD  has  been  somewhat  remiss  in  not  applying  a larger  effort 
to  Investigate  the  potential  uses  of  this  and  similar  reinforced 
concrete  (or  cement)  composites. 

Armor  for  Kinetic-Energy  Penetrators.  The  analytical 
ability  to  predict  how  successful  armor  arrays  should  be  built 
Is  presently  very  limited.  A systematic  experimental  program 
to  empirically  outline  the  materials  systems  needed  appears  to 
be  In  order.  One  supposes,  with  some  confidence,  that  reinforced 
ceramics  (Including  laminates  in  this  case)  will  have  a high 
priority. 

Moderately  Increased  Temperature  Gas  Turbines.  A mod- 
erate increase  of  uncooled  gas-turbine  Inlet  temperatures  to 
2000°F  (with  excursions  up  to  about  2200°F  for  short  periods)  may 


xi 


be  feasible  using  silicon  carbide  fiber-silicon  composites. 

While  obviously  not  as  exciting  as  temperatures  of  2500°F  or 
more,  such  applications  do  offer  the  promise  of  Increased  fuel 
savings  and  perhaps  at  low  cost  (by  comparison  with  superalloy 
materials). 

Erosion-Resistant  RV  Nosetip.  This  is  a seemingly 
pressing  problem  that  has  been  covered  in  a previous  IDA  paper 
■ (Ref.  1).  The  emphasis  here  is  that  the  tantalum  carbide/ 

graphite  composite  (see  Appendix  A,  page  A-15)  and  the  boron 
I carblde/graphlte  composite  (see  Appendix  A,  pages  A-40  and  A-^2) 

j are  promising  enough  that  they  should  be  considered  strongly  for 

[ applied  system  efforts. 

Shipboard  Multifunctional  Incinerator.  An  ongoing  Navy 
6.3  program,  this  device  is  having  serious  refractory  liner 
' problems  due  to  the  various  criteria  it  must  meet,  not  the  least 

I of  which  is  being  usable  on  board  a ship  (Chapter  II,  Section 

f D-^).  The  Navy  is  presently  attempting  to  use  a thin  castable 

f refractory  lining  either  sprayed  or  (more  usually)  troweled  in 

f place.  It  would  appear  feasible  and  advantageous  to  Incorporate 

ceramic  fibers  (perhaps  alumina  or  silicon  carbide,  depending 
on  the  precise  matrix). 

b . Long-Term  (>5  years)  Applications 

Reinforced  Glass  Composites.  Although  not  yet  designed 
for  a specific  applic.atlon , this  type  of  material  now  appears  to 
have  sufficient  basic  data  to  indicate  a high  promise  and  to  warrant 
a search  for  usefulness.  The  reader's  attention  is  directed  to 

‘‘1 

Appendix  A,  Section  6.  With  a density  close  to  carbon/polylmlde 
(and  much  less  than  carbon/aluminum),  carbon/glass  has  a potential 
use  temperature  of  over  1200°F  as  opposed  to  700-1000°F  for  carbon/ 
aluminum.  Although  the  present  study  has  not  looked  hard  at  de- 
tailed applications,  such  investigations  should  be  made. 

Air-Breathing  Engines.  From  a resources  standpoint,  the 
bulk  of  present  DoD  ceramics  R&D  lies  in  support  of  the  ceramic 
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gas  turbine,  and  almost  all  of  this  effort  Is  concentrating  on 
silicon  nitride  and  silicon  carbide.  Most  members  of  the  ceramic 
community  have  expressed  concern  as  to  whether  a monolithic  ce- 
ramic can  be  successful  (at  least  in  taking  full  advantage  of 
ceramic  properties)  for  this  application.  This  area  engendered 
the  largest  number  of  suggestions  where  it  was  thought  that  CMCs 
ought  to  be  researched. 

Diesel  engine  designs  are  well  along  the  way  to  using 
ceramics  for  their  refractoriness  and  thermal  insulation.  How- 
ever, further  significant  advances  (particularly  in  areas  of 
reduction  of  energy  use)  can  evidently  be  made  by  making  all- 
ceramic  hot  moving  parts,  thus  taking  advantage  of  the  higher 
ceramic  strength-to-weight  ratios.  To  do  this  would  probably 
require  composites. 

Preliminary  designs  for  a closed-Brayton-cycle  ship 
propulsion  engine  (Chapter  II,  Section  D-2)  Indicate  that  if  a 
ceramic  heat  exchanger  could  be  built  to  operate  for  long  periods 
(about  10,000  hours)  at  2500°P,  the  specific  weight  of  the  power 
plant  could  be  reduced  by  as  much  as  a factor  of  ten.  While  a 
stationary  device,  the  long-term  thermal  stresses  and  oxidation 
present  extremely  difficult  problems.  It  may  be  necessary  to 
have  the  components  built  of  oxide  materials  for  such  long-term 
use.  However,  oxides  would  almost  surely  have  to  be  toughened 
by  compositing.  This  is  a strong  argument  for  concentrating 
some  R&D  effort  on  oxide-matrix  composites,  especially  since  it 
could  also  apply  to  short  use-cycle-time  engines. 

c . Other  Applications 

There  are  a number  of  other  less  well-definable  CMC 
applications.  Two  that  should  be  mentioned  here  are  ceramic 
bearings  (most  likely  silicon  nitride)  and  ceramic  gun  tube 
Inserts  (probably  alumina  or  zirconla).  Another  longer  term 
use  might  be  nozzles  for  chemical  laser  systems. 
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2 . The  Present  Technology  for  CMCs 

Our  understanding  of  the  technology  of  most  ceramic-matrix 
composite  systems  seems  to  be  broadly  increasing  although  still 
Incomplete.  There  has  been  work  (of  varying  degrees  of  scien- 
tific sophistication)  on  a large  number  of  material  combinations 
and  further  exploratory  work  searching  for  new  chemical  com- 
posite systems  no  longer  seems  Justifiable.  For  those  systems 
that  have  been  investigated,  however,  greater  knowledge  is 
needed  about  the  chemical  and  physical  bonding  characteristics 
between  the  matrix  and  the  reinforcement.  Almost  all  potential 
applications  for  CMCs  Involve  high-temperature  and  a corrosive 
(particularly  oxidative)  environment,  and  often  temperature 
cycling.  Under  these  conditions,  chemical  reactions  between 
the  phases  or  with  the  external  environment  may  have  a dele- 
terious effect  on  the  performance  of  the  component.  In  fact, 
examination  of  research  results  to  date  leads  to  the  following 
general  conclusion. 

• Metal  (especially  refractory  metal)  fiber-reinforced 
ceramics  are  not  promising  for  any  high-temperature 
application  in  an  oxidizing  atmosphere.  It  does  not 
matter  whether  the  metal  is  grown  in  situ  or  not, 
and  all  attempts  to  protect  the  wire  with  oxidation- 
resistant  coatings  have  failed. 

For  this  reason,  the  authors  have  not  recommended  any  fur- 
ther long-range  RiD  involving  metal  fibers.  Proponents  of  metal- 
flber/ceramlc  use  point  out  that  such  composites  have  shown 
great  Increases  in  fracture  energy  and  toughness  (which  is  true) 
and  that  dense  thick  surface  coatings  of  a homogeneous  ceramic 
could  overcome  the  oxidation  problem.  The  authors  are  not  im- 
pressed with  the  latter  argument  since  even  one  propagating  sur- 
face crack  could  cause  oxidative  failure. 

Of  the  monolithic  ceramic  materials,  silicon  nitride  and 
silicon  carbide  have  had  perhaps  the  heaviest  RiD  attention  over 
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the  past  seven  to  eight  years.  They  have  very  good  oxidation 
resistance  and  "toughness"  and  are  thus  the  prime  candidates 
for  air-breathing  engine  components  and  high-temperature  heat 
exchangers.  However,  they  are  still  somewhat  of  a compromise; 
their  oxidation  resistance  is  not  as  good  as  oxide  materials 
and  their  Inherent  toughness  does  not  approach  that  of  metals. 
Successful  attempts  to  increase  the  "toughness"  were  made  sev- 
eral years  ago  by  incorporating  long  silicon  carbide  fibers 
into  a silicon  nitride  matrix.  However,  the  only  fibers  then 
available  were  made  by  vapor  depositing  silicon  carbide  on  a 
tungsten  wire;  such  a fiber  is  limited  (because  of  deleterious 
thermal  degradation)  to  temperatures  of  use  below  about  1500°F 
and  no  more  work  has  been  done  on  this  particular  composite. 
Recently  developed  silicon  carbide  fibers,  not  using  a metal 
substrate,  give  promise  of  removing  this  restriction.  As  far 
as  oxidation  resistance  is  concerned,  it  should  be  emphasized 
that  the  mechanisms  and,  particularly,  the  effect  of  long  time 
at  high  temperature  are  imperfectly  understood  for  silicon  car- 
bide and  hardly  known  at  all  for  silicon  nitride.  The  authors 
are  uneasy  about  the  wide  range  of  applications  being  promul- 
gated for  these  materials  without  the  existence  of  better  cor- 
rosion data,  especially  at  long  times.  In  addition,  possible 
"pest  reaction"  problems  seem  to  be  ignored. 

Excellent  technical  results  have  been  obtained  in  growing 
in  aitu  oxide  fibers  and  lamellae  in  oxide  matrices  by  directional 
solidification  (DS).  The  scientific  problems  seem  well  in  hand. 
Several  people,  however,  dismiss  this  technique  (which  is  some- 
what analogous  to  single  crystal  growth)  as  impractical  since 
it  is  presently  a long  slow  process.  While  possibly  true,  the 
opinion  of  the  authors  Is  that  it  may  well  be  the  only  way  in 
which  useful  fiber-reinforced  oxides  can  be  formed.  Considering 
the  potential  Importance  of  oxides  with  greatly  Increased 
"toughness,"  it  would  seem  impractical  not  to  focus  some  R&D 
attention  on  improving  the  fabrication  techniques. 


In  general,  CMC  processing  techniques  form  a very  signifi- 
cant area  for  research  attention.  The  use  of  classic  methods 
for  Introducing  brittle  fibers  (e.g.,  by  mixing  with  the  matrix 
powder  and  then  hot-pressing)  generally  may  not  work  well  enough 
to  ever  warrant  consideration  as  a manufacturing  method;  for  one 
thing,  the  fibers  often  break  up  and  become  almost  useless.  As 
pointed  out  In  the  text  (see,  e.g..  Chapter  V,  pages  6l  and  62), 
several  Innovative  processing  methods  of  promise  are  In  various 
stages  of  development  for  both  fiber  and  particle  composites. 

The  authors  consider  this  a vital  area  for  longer  range  R&D 
programs . 

Partially  stabilized  zirconla  (PSZ)  Is  a CMC  with  quenched- 
In  metastable  particles  as  a reinforcing  phase.  Introduced  Just 
a few  years  ago.  It  has  excellent  toughness  and  abrasion  resist- 
ance and  Is  becoming  useful  as  an  extrusion  die  In  forming  copper 
and  brass  wire.  It  is  also  true  that  no  one  seems  to  have  a very 
complete  explanation  for  Just  why  it  is  so  tough.  While  not 
standing  in  the  way  of  application  of  PSZ,  this  lack  of  knowledge 
does  Inhibit  the  search  for  other  ceramic  systems  which  might 'ex- 
hibit similar  behavior.  Generalizing  this  problem,  the  mechanisms 
of  toughening  in  composites  are  still  not  sufficiently  clear, 
despite  an  Impressive  accumulation  of  knowledge.  While  no  one 
would  reasonably  argue  that  the  theory  muBt  be  complete  before 
applied  studies  are  made.  It  does  appear  that  Increased  R&D 
efforts  would  be  fruitful  in  understanding  the  basic  fracture 
mechanics  of  CMCs.  Nondestructive  evaluation  also  falls  In  this 
category. 

Several  CMC  systems  appeared  to  be  sufficiently  advanped. 

In  the  demonstration  of  both  properties  and  processing,  that 
they  deserve  to  be  discussed. 

• Fiber-Reinforced  Concrete  or  Castable  Refractory 

Most  of  the  newer  developments  have  been  done  under  pri- 
vate auspices  and  have  reached  a stage  for  one  system  (chopped 
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iron  wires  in  concrete)  where  large-scale  demonstration  efforts 
are  under  way. 

• Graphite  Reinforced  with  Carbides 

The  implacement  of  tantalum  carbide  fibers  (formed  in 
situ)  In  a graphite  matrix  appears  to  be  at  an  advanced  devel- 
opment stage.  Under  security  wraps,  this  work  has  been  under 
way  In  DOE  facilities  for  many  years  and  is  believed  to  be  a 
proven  on-the-shelf  material.  Its  usefulness  is  for  very  high 
temperatures  in  nonoxidizing  environments.  Particulate  rein- 
forcement by  boron  carbide  in  graphite  is  not  as  far  along,  but 
looks  promising  for  reentry  vehicle  use. 

• Silicon  Carbide-Carbon/Silicon 

There  are  various  systems  under  development  which  have 
silicon  as  a matrix,  reinforced  with  silicon  carbide  (or  slllcon- 
carbide-coated  carbon)  fibers  or  particles.  Use  temperature  is 
limited  to  not  much  over  2000°F,  but  such  materials  appear  to 
show  good  "toughness"  characteristics  with  potentially  inexpen- 
sive fabrication  techniques.  Mechanical  property  determination 
has  not  yet  been  extensive  enough  to  warrant  immediate  exploi- 
tation, but  many  of  these  systems  are  quite  well  developed. 

• Nonmetal  Fiber-Reinforced  Glass 

Much  R&D  was  done  on  CMCs  using  glass  (including  fused 
silica)  matrices  in  the  1950s  and  early  1960s.  There  was  then 
a hiatus  until  a year  or  two  ago.  For  example,  filament-wound 
silica  fibers  in  a fused  silica  matrix  was  successfully  devel- 
oped for  radome  use,  in  about  the  mid-1960s,  but  then  the  tech- 
nology appeared  to  drop  from  sight . Work  has  been  done  recently 
on  introducing  continuous  fibers  of  carbon  or  silicon  carbide 
into  glass  and  subsequently  forming  complex  structures.  Both 
the  strength  and  the  toughness  are  improved  with  increasing 
fiber  content,  which  appears  to  be  a unique  characteristic 
among  CMCs.  Use  temperatures  up  to  about  1200®F  in  an  oxidizing 
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atmosphere  now  appear  feasible.  Although  in  early  stages  of 
development,  the  technological  outlook  seems  very  promising. 

0.  RECOMMENDATIONS  FOR  DoO  ACTION 

From  the  previous  discussions,  it  would  appear  that  the 
potential  usefulness  of  CMCs  to  DoD  systems  is  high  and  very 
broad  in  scope.  With  a few  exceptions,  it  is  not  quite  so 
clear  which  areas  of  technology  are  likely  to  prove  the  most 
promising  for  instigating  R&D  programs.  Option  I,  below,  pre- 
sents one  suggested  program  involving  what  appears  to  be  the 
smallest  and  most  effective  Investment  of  resources.  Option  II 
lists  additional  desirable  projects  if  (or  when)  greater  re- 
sources become  available.  CMCs,  as  a whole,  form  a cohesive 
technology  with  common  basic  problems  regardless  of  the  spe- 
cific materials  Involved,  and  it  is  strongly  recommended  that 
the  program  be  organized  as  a single  coordinated  DoD  effort  to 
permit  the  best  use  of  funding. 

OPTION  I:  SUGGESTED  MINIMUM  CMC  PROGRAM 

No  attempt  will  be  made  to  lay  out  a schedule  or  to  delin- 
eate between  in-house  or  contract  work.  Since  almost  all  proj- 
ects would  be  new  starts  (even  if  serving  the  needs  of  an  on- 
going program),  only  the  first  year's  effort  is  indicated.  It 
is  understood  that  each  project  would  be  reviewed  periodically 
with  the  direction  or  funding  altered  as  appropriate.  The  sug- 
gested projects  are  listed  in  order  of  closeness  to  applicability 
and  seeming  potential.  Estimated  resources  required  for  the 
first  year,  in  man-years  (MY),  are  shown  for  each.  These  esti- 
mates reflect  a minimum  meaningful  project  size  based  on  the 
background  experience  of  the  authors. 

1 . Near-Term  (<2  years) 

1.1  Ceramic  Fiber/Castable  Refractory.  To  investigate 
chopped  alumina  fiber  in  typical  high  alumina  refractory  liners 
for  use  in  newly  developing  Navy  shipboard  multifunctional  in- 
cinerators. (3  MY) 
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2 . Moderate-Term  (2-5  years) 

2.1  Nonmetalllc  Continuous  Fiber/Glass.  To  Investigate 


boron,  carbon,  and  silicon  carbide  fibers  Imbedded  in  various 
glass  matrices.  An  intensive  applications  tradeoff  study  is 
suggested  as  part  of  this.  An  existing  Air  Force  project  is 
about  one  man-year  per-year-ef fort  on  alumina  fibers  for  pos- 
sible radome  use.  (2  MY) 

2.2  Erosion-Resistant  RV  Nosetip.  To  investigate  further 
existing  carbide/graphite  composites  developed  by  Los  Alamos 
and  by  NRL  for  RV  nosetip  application.  There  is  a small  ex- 
isting Navy  contract,  estimated  at  about  one  man-year  per 
year.  (2  MY) 

2.3  Oxidation  Resistance  of  SiC  and  -113^4  • To  Investigate 
the  stated  problem  so  that  reliable  projections  can  be  made  to 
10,000  hours.  Also,  the  question  of  short-time  low-temperature 
(about  900-1000°C)  should  be  resolved.  While  not  strictly  a 
CMC  project,  the  results  could  have  a strong  Impact  on  the 
urgency  of  future  CMC  investigations.  (1  MY) 

3.  Long-Term  (>5  years) 

3.1  SiC  and  SijN^  Fibers/Si . To  investigate  the  use  of 
the  newer  SIC  long  fibers  in  a Sl^N^  matrix.  In  a concurrent 
part  of  the  project,  investigate  the  in  situ  incorporation  of 
fibrous  or  whisker-like  Sl^N^  in  the  same  matrix.  (2  MY) 

3.2  Oxide  Fibers/Oxide.  To  Investigate  further  in  situ 
directionally  solidified  (DS)  oxide  growth  in  oxide  matrices 
with  special  attention  to  Improved  processing  techniques.  This 
is  an  Important  backup  technology  in  case  SiC  and  Sl^N^  prove 
impractical.  (2  MY) 

3.3  Sol-Gel  Techniques  for  Carbides  and  Nitrides.  To  ex- 
plore Innovative  sol-gel  methods  for  precipitating  (or  copre- 
clpltatlng)  very  fine  particle  composites,  particularly  relating 
to  Sic  and  Sl^N^,  The  Navy  has  some  sol-gel  in-house  research. 
(1  MY) 

xlx 


3.4  In  Situ  Copyrolysis  of  Fibrous  Precursors.  To  explore 
Innovative  methods  whereby  reinforcing  fibers  can  be  formed  in 
place  (within  the  matrix)  by  pyrolytic  techniques.  The  Navy 
has  a small  in-house  effort.  (1  MY) 

3 . 5 Toughening  and  Strengthening  Concepts  and  NDE.  To 
better  understand  the  micromechanics  of  CMCs  and  potential  non- 
destructive evaluation  (NDE)  techniques.  The  Navy  has  an  in- 
house  effort.  (2  MY) 

The  total  estimated  resource  effort  required  for  Option  I 
is  16  man-years  for  the  first  year. 

OPTION  II:  SUGGESTED  DESIRABLE  CMC  PROGRAMS 

This  option  Includes  Option  I and  the  following  suggested 
proj  ects . 

1 . Near-Term  (<2  years) 

1.1  Metal  Fiber/Concrete.  To  investigate  and  expand  on 
existing  iron  or  steel-fiber-reinforced  concrete  for  possible 
application  to  castable  boat  hulls.  (2  MY  the  first  year) 

. Moderate-Term  (2-5  years) 

2.1  Silicon  Carblde/SIl Icon/Carbon.  To  investigate  the 
application  of  existing  technology  of  either  preform  SlC/Sl  or 
molded  SlC/Si/C  materials  for  medium-temperature  gas  turbine 
engines.  (2  MY) 

2.2  CMCs  for  Gun  Barrel  Liners.  To  investigate  the  various 
concepts  and  their  potential  benefits  whereby  CMCs  could  be  ap- 
plied to  the  gun  barrel  erosion  and  wear  problems.  (1  MY  the 
first  year) 

2.3  CMCs  for  Ceramic  Bearings.  To  investigate  concepts 
whereby  ceramic  roller  and  ball  bearings  (especially  Sl^N^) 
might  have  their  life  and  reliability  significantly  Increased 
by  the  use  of  CMCs.  (1  MY  the  first  year) 
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2.4  Boron  Nitride  Fibers/Boron  Nitride.  To  investigate 
techniques  of  producing  high-performance  boron  nitride  (BN) 
fibers  and  Incorporating  them  into  a dense  BN  matrix.  The 
first  application  would  be  RV  antenna  windows,  but  there  will 
be  others  depending  on  the  results.  (2  MY) 

2.5  Alumina,  Silica  Fibers/Alumina,  Silica.  To  reinvesti- 
gate the  fabrication  of  filament-wound  reinforcement  in  a silica 
or  alumina  matrix  for  erosion-resistant  radome  use.  The  fibers 
could  be  quartz  or  alumina.  This  could  be  a 6.3A  project. 

(2  MY) 

3 . Long-Term  (>5  years) 

3.1  CMC  Fabrication  Techniques.  To  investigate  the  utility 
of  innovative  CMC  fabrication  methods.  This  would  include  a 
more  thorough  look  at  flame  spraying,  plasma  spraying,  chemical 
vapor  deposition,  explosive  forming,  etc.  Expertise  exists  in 
the  country  for  each  of  these  methods  (albeit  for  other  uses). 

(3  MY) 

The  supplemental  estimated  required  resources  are  13  man- 
years,  so  that  the  total  resources  for  Option  II  are  29  man- 
years  for  the  first  year. 

If  the  DoD  decides  that  the  military  applications  described 
above  are  needed,  then  the  recommendation  is  made  that  the  DoD 
consider  and  implement  one  of  the  two  suggested  options. 


I.  TASK  DEFINITION  AND  APPROACH 


In  December  1976,  the  Assistant  Director  for  Engineering 
Technology,  ODDR&E,  requested  IDA  to  conduct  a study  of  ceramic- 
matrix  composite  (CMC)  technology  for  the  purpose  of  assessing 

(1)  the  potential  usefulness  of  such  materials  to  DoD  systems, 

(2)  the  present  scientific  and  engineering  state  of  affairs  for 
such  materials,  (3)  whether  the  DoD  should  contemplate  new  proj- 
ects for  such  materials  in  its  future  Materials  and  Structures 
Technology  Base  programs,  and,  if  so,  (A)  what  should  be  the 
technical  nature  and  direction  of  such  projects. 

Approximately  nine  man-months  were  devoted  to  this  task, 
including  IDA  personnel  and  consultants.  The  scope  of  the  ef- 
fort was  limited  to  materials  meant  for  structural  applications 
where  the  component  had  to  withstand  applied  thermomechanical 
stresses  without  deleterious  damage.  There  are,  of  course, 
many  cases  where  the  usefulness  of  the  material  is  also  limited 
by  other  than  its  mechanical  properties.  An  obvious  example  is 
the  seeker  dome  for  missile  radar  or  infrared  acquisition  and 
guidance  systems  where  the  material  must  have  the  appropriate 
electromagnetic  properties.  Such  requirements,  however,  form 
an  initial  screening  process  for  allowable  materials;  following 
this,  in  order  to  be  useful,  one  must  be  able  to  choose  and 
fabricate  candidate  materials  that  will  also  withstand  the 
structural  environment.  It  is  this  latter  problem  which  is 
considered  in  the  present  paper. 

It  is  appropriate  to  define  what  is  meant  by  a ceramic- 
matrix  composite.  As  used  herein,  the  term  refers  to  a material 
with  a continuous  homogeneous  ceramic  phase,  reinforced  with  a 
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second  (or  more  than  one)  phase  that  may  or  may  not  be  contin- 
uous. The  second  phase (s)  may  be  either  particulate  or  fibrous 
and  may  be  either  ceramic  or  metallic.  Some  semantic  confusion 
could  arise,  if  the  second  phase  is  both  metallic  and  continuous 
(e.g.,  continuous  metal  wires),  as  to  what  constitutes  the 
"matrix"  and  what  constitutes  the  "second  phase."  This  question 
is  usually  resolvable  by  the  relative  amount  of  the  phases  and 
will  not  normally  constitute  a problem;  however,  it  may  on  occa- 
sion, especially  in  the  context  of  a "cermet."  The  term,  cermet 
(a  shorthand  form  of  ceramic  and  metal),  was  coined  sometime  in 
about  the  1950s  to  denote  a material  combination  of  a ceramic 
and  a metal  which  would  result  in  a marriage  of  the  most  de- 
sirable properties  of  each.  Despite  a great  deal  of  R&D  effort, 
the  concept  was  rarely  successful  and  usually  resulted  in  a com- 
bination of  the  least  desirable  properties  of  each.  Looking 
back  on  this  work,  from  a present-day  vantage  point,  it  can  be 
argued  that  the  problem  was  less  in  the  concept  than  in  the  un- 
sophisticated approaches  used  to  try  to  Implement  the  concept. 
Nonetheless,  there  was  at  least  one  successful  cermet  applica- 
tion in  the  metal-bonded  carbide  cutting  tool  where  a discon- 
tinuous majority  phase  (e.g.,  tungsten  carbide  particles)  is 
bonded  together  by  a continuous  minority  phase  (e.g.,  a cobalt 
alloy).  Such  a material  is  not,  by  the  above  definition,  a 
ceramic-matrix  composite,  but  it  is  somewhat  awkward  to  call  it 
a metal-matrix  composite  as  there  is  such  a small  amount  of 
metal  (perhaps  5-10  volume  percent).  This  may  be  a unique  case 
and  the  semantic  problem  will  not  be  belabored  any  longer.  It 
only  indicates  that  the  scope  of  the  present  study  is  necessarily 
somewhat  arbitrary. 

The  class  of  carbon-carbon  composites  will  not  be  considered 
herein.  Although  falling  within  our  definition  and  of  signifi- 
cant DoD  Importance,  their  military  applications  largely  fall  in 
the  areas  of  reentry  vehicles  and  rocket  nozzles  that  have  been 
analyzed  and  assessed  in  a previous  IDA  paper  (Ref.  1).  For 
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similar  reasons,  little  will  be  said  about  erosion-resistant 
composites  meant  largely  for  nosetlps  of  ballistic  missile 
reentry  vehicles. 

Because  of  the  relatively  small  amount  of  IDA  effort  asso- 
ciated with  this  task  and  because  there  Is  so  little  ongoing 
DoD  R&D  in  the  ceramic-matrix  composite  area,  the  major  approach 
to  accomplish  the  objectives  of  the  study  was  to  utilize,  as 
much  as  possible,  the  expertise  of  the  entire  U.S.  technical 
ceramics  community. 

First,  questionnaires  were  sent  to  a selected  list  of  over 
300  individuals  Judged  to  be  especially  experienced  in  the  metal- 
lurgy, physics,  chemistry,  and  applications  of  high-performance 
ceramics.  The  questionnaire  specifically  requested  the  recip- 
ient's opinions  as  to  applications,  state  of  technology,  and 
promising  lines  of  future  endeavor.  About  100  useful  replies 
were  obtained,  many  of  the  rest  responding  that  they  had  not 
considered  the  problem  enough  to  indicate  opinions.  The  useful 
responses  represented  a totality  of  about  1200  man-years  of 
technical  ceramics  experience  and  enabled  a good  "first  cut"  at 
defining  the  problem. 

The  second  step  was  to  assemble  a two-day  workshop  of  a 
small  number  of  specialists  to  explore  ceramic-matrix  composites 
in  greater  depth.  This  workshop  was  held  at  IDA  on  8-9  September 
1977  and  was  attended  by  about  15  individuals,  chosen  because  of 
their  personal  involvement  in  ceramic-matrix  composites.  The 
representation  included  government,  university,  and  industry. 
Because  of  the  exploratory  nature  of  the  subject  matter,  par- 
ticipants were  asked  not  to  prepare  formal  papers,  but  to  intro- 
duce their  topic  by  a short  talk  and  then  lead  the  discussion. 

In  order  to  summarize  the  results  of  the  workshop,  three  of  the 
attendees  (plus  the  authors)  convened  a separate  half-day  meet- 
ing in  a free  discussion  (which  was  taped)  to  try  to  summarize 
the  information  acquired.  Although  better  in  some  respects  than 
others,  this  technique  of  an  intensive  workshop  plus  an  immediate 


summarization  worked  well.  The  authors,  of  course,  still  had  the 
Job  of  condensing  the  ideas  and  approaches  into  a coherent  recom- 
mended DoD  preliminary  program  plan. 

One  weakness,  by  hindsight,  of  the  workshop  methodology 
used  by  the  authors  was  the  relative  deemphasis  of  the  materials/ 
systems  design  interaction.  This  was  purposely  done  because  it 
was  initially  thought  that  the  basic  technology  was  sufficiently 
lacking  to  render  such  an  applications  effort  unimportant  in 
anything  like  detail.  While  this  is  still  probably  true  for 
high-temperature  uses,  it  does  not  seem  to  be  true  for  some 
medium-temperature  applications  where  detailed  cost-benefit 
analyses  should  be  carried  out  in  the  immediate  future. 
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II.  OVERVIEW  OF  TECHNOLOGY 


A.  CERAMIC  STRUCTURAL  MATERIALS 

Before  discussing  the  area  of  composites,  it  is  worthwhile 
to  review  briefly,  for  the  nonspecialized  reader,  the  technology 
of  ceramic  materials,  in  general,  and  where  it  is  of  interest  to 
DoD  systems.  Only  structural  applications  are  considered.  More 
detailed  background  information  may  be  found  in  Ref.  2. 

A ceramic  is  usually  defined  as  an  Inorganic  refractory  non- 
metalllc  material  in  order  to  delineate  it  from  the  classes  of 
polymeric  plastics  and  of  metal  alloys,  and  from  solid  salts  and 
other  (inherently  lov;-temperature ) inorganic  materials  (such  as 
sulfur).  While  uhe  dividing  line  is  frequently  fuzzy  (for  ex- 
ample, graphite  is  the  only  elemental  material  considered  to  be 
a ceramic,  but  boron  and  silicon,  both  inorganic  nonmetals, 
have  respectably  high  melting  points  and  their  classification 
is  certainly  moot),  this  definition  will  serve  for  present  pur- 
poses . 
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Some  of  the  positive  properties  of  selected  ceramics  that 
make  them  of  interest  for  structural  uses  are  discussed  below. 


Retention  of  Strenc 


)eratures 


Most  ceramics  have  essentially  an  identical  yield  strength 
and  tensile  strength;  unlike  most  metals,  the  yield  strength 
does  not  usually  decrease  very  much  until  very  high  temperatures 
are  reached  and  so  the  ceramic  will  usually  maintain  a high 
tensile  strength  to  higher  temperature  than  will  a metal.  Since 
many  of  the  Interesting  structural  ceramics  have  a low  density 
(relative  to  high-temperature  metal  alloys),  such  materials  often 
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t show  a marked  superiority  to  metals  in  the  high-temperature 

strength-to-weight  ratio.  Figure  1 illustrates  this.  The  top 
! figure  shows  typical  values  for  some  superalloys  and  refractory 

^ metal  alloys  (shown  by  trade  names  whose  explanation  is  not  rel- 

i evant  here,  except  to  say  they  are  representative  of  the  com- 

mercially best  available)  while  the  bottom  figure  shows  values 
for  a few  lightweight  ceramics.  The  strength/weight  ratio 
parameter  is  Important  in  any  structure  where  weight  is  a vital 
factor  and,  as  seen  in  Fig.  1,  the  ceramics  tend  to  show  up 
better  above  about  800°C  (1472°F).  Ceramics  also  usually  have 
a lower  rate  of  creep  (the  tendency  to  distort  with  time  at  a 
constant  applied  stress)  than  metals  at  any  given  temperature. 

2 . Stiffness  and  Hardness 

Most  all  ceramics  have  elastic  moduli  which  are  generally 
high  by  comparison  with  metals.  Such  stiffness  is  Important  in 
enhancing  the  dimensional  stability  and  resistance  to  buckling 
of  any  structural  member.  From  a dynamic  stability  standpoint, 
sensitivity  to  lower  frequency  nodes  of  vibration  is  also  re- 
duced. Taken  by  itself,  the  importance  of  a high  elastic  mod- 
ulus can  be  great.  The  reader  may  recall  that  a prime  Justifi- 
cation for  the  boron  or  graphite  fiber-reinforced  epoxy  com- 
posites was  the  high  stlf fness-to-weight  ratio  obtainable.  High 
hardness  is  a well-recognized  property  of  ceramics  and  is  exem- 
plified in  the  widespread  use  of  carbides  and  oxides  for  cutting 
and  forming  tools.  From  a structural  standpoint,  a major  value 
of  high  hardness  is  the  ability  of  the  material  to  resist  damage 
by  an  erosive  environment  such  as  might  occur  on  a missile  nose 
when  traveling  through  rain. 

3 . Corrosion  Resistance 

As  a general  rule,  ceramics  can  be  selected  (depending  on 
the  type  of  environment)  that  are  much  more  resistant  to  cor- 
rosion, at  high  temperatures,  than  are  metals.  As  an  example, 
oxides  (almost  by  definition)  are  fairly  well  immune  to  an 
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(a)  METALLIC  ALLOYS 


a NImonIc  105 
b T2M 
c NItnonic  75 
d Hostelloy  X 
-e  TON; 


O 

2 40J 


TEMPERATURE  (°C) 


(b)  CERAMICS 
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FIGURE  1.  Variation  of  the  Tensile  Strength-to-Weight 

Ratio  with  Temperature  for  (a)  Metallic  Alloys 
and  (b)  Ceramics  (from  Ref.  3) 


a SijN^  (hot-pressed ) 
b ALjOg 
c MgO 


^MOR,  reduced 


oxygen  atmosphere  at  all  useful  temperatures  (except,  of  course, 
when  electronic  properties  are  important).  As  a class,  oxides 
are  susceptible  to  water  vapor  attack  (e.g.,  beryllium  oxide 
begins  a significant  reaction,  at  close  to  1000°C,  to  form  a 
beryllium  hydroxide  vapor),  but  some  oxides  (e.g.,  aluminum 
oxide)  are  much  better  than  others,  and  all  are  usually  better 
than  metals.  Refractory  metal  carbides  (and  graphite)  are  poor 
in  an  oxidizing  environment,  but  the  classes  of  refractory  metal 
borides,  beryllldes,  and  sillcldes  are  good  at  high  temperatures. 
The  oxidation  resistance  of  silicon  carbide  and  silicon  nitride 
is  also  outstanding,  for  materials  of  their  type,  at  tempera- 
tures above  about  1100°C.  The  reader  is  cautioned  that  one 
reason  these  classes  of  nonoxides  are  oxidation-resistant  is 
that  mixed-metal  oxide  coatings  (particularly  of  silicon)  are 
formed;  such  coatings  are  not  necessarily  impervious,  and  prob- 
lems can  arise. 

It  will  be  noted  that  the  very  refractoriness.  Itself,  of 
the  ceramics  is  not  specifically  mentioned  as  an  attribute. 

The  highest  temperature  solid  known  is  a mixture  of  hafnium 
carbide  and  tantalum  carbide  with  an  estimated  melting  point 
of  around  4200°C  (7600°P).  Yet  such  a material  cannot  normally 
be  used  anywhere  near  this  temperature  for  most  applications 
(poor  oxidation  resistance  is  one  reason).  The  mere  existence 
of  a material  in  the  solid  state  (although  obviously  necessary) 
is  not  a sufficient  reason  for  it  to  have  a useful  application. 

As  a matter  of  fact,  aside  from  certain  transient  cases  such 
as  rocket  nozzles  and  reentry  vehicles,  it  is  difficult  to 
think  of  DoD  applications  where  such  super-hlgh-temperature 
materials  would  be  necessary. 

Two  of  the  negative  aspect  of  ceramics  that  have  impeded 
their  more  general  structural  use  are  given  below. 

1 . Br i ttl eness . Perhaps  better  defined  as  lack  of  tough- 
ness, this  property  is  common  to  all  ceramics.  It  is  the  in- 
herent other-slde-of-the-coin  of  the  high-yield  strength  and 
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creep  resistance.  The  strong,  highly  directional  interatomic 
bonding  and  the  complex  crystal  structure  of  ceramics  simply  do 
not  permit  enough  of  the  short-time  lattice  plastic  flow  needed 
to  blunt  and  stop  crack  growth  under  stress  from  being  cata- 
strophic. There  is,  of  course,  some  resistance  to  crack  prop- 
agation, one  factor  of  which  is  frequently  called  fracture 
surface  energy  (this  is  something  of  a misnomer,  but  it  is  in 
common  use  to  describe  a parameter  which  includes  the  crack 
surface  energy).  An  overall  parameter  frequently  used  to  des- 
cribe the  tendency  of  a crack  to  increase  in  length  under  a 
given  stress  is  called  the  stress  intensity  factor  (usually 
labelled  which  is  proportional  to  /Ey  where  E is  the 

elastic  modulus  and  y is  the  fracture  surface  energy  referred 
to  above.  The  larger  is,  the  better  from  a toughness  stand- 
point. The  of  even  the  best  (i.e.,  toughest)  ceramic 
suitable  for  structural  use  is  a factor  of  two  or  three  lower 
than  that  of  a brittle  metal  alloy.  The  value  for  typical 
refractory  oxide  would  be  a factor  of  ten  lower.  As  a rule, 
all  structural  materials  have  built-in  cracks  and  flaws,  due 
to  the  fabrication  process.  For  a given  applied  tensile  stress 
(whether  mechanical  or  thermal),  it  can  be  shown  that  the  crit- 
ical crack  length  (i.e.,  a crack  which,  if  any  longer,  would 
propagate  through  the  material  and  cause  fracture)  is  propor- 
tional to  the  square  of  It  follows  that  for  a structural 

component  designed  to  withstand  a given  stress,  cracks  in  a 
ceramic  of  the  order  of  10  to  100  times  smaller  than  those  in 
a metal  must  be  detected  by  nondestructive  testing  before  the 
component  can  be  Judged  as  safe  to  use.  In  absolute  terms,  this 
can  mean  that  flaws  of  the  order  of  10  microns  in  size  must  be 
detected  and  classified,  which  is  a difficult  task  for  the 
existing  technology  of  nondestructive  evaluation.  In  addition, 
there  is  the  problem  that  subcritlcal  crack  sizes  can  still 
grow  under  the  proper  conditions  of  thermal  or  mechanical 
cycling.  This  phenomenon  is  somewhat  similar  to  fatigue  in 
metals,  although  it  is  not  completely  understood. 
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In  general,  it  can  be  stated  that  the  difficulties  of 
designing  with  Inherently  brittle  materials  is  the  most  critical 
barrier  to  taking  advantage  of  the  otherwise  desirable  proper- 
ties of  ceramics. 

2.  Fabrication  and  Quality  Control.  With  the  exception 
of  glassy  materials,  most  ceramics  are  formed  by  mixing  the 
powder  (usually  with  a binder),  pressing  or  extruding,  cal- 
cining (which  eliminates  the  binder)  and  finally  firing  at  a 
high  temperature  such  that  the  particles  sinter  together  to  make 
a monolithic  body.  Frequently,  sintering  aids  (in  the  form  of 
deliberate  impurities)  are  added  to  the  powder  to  obtain  high 
densities.  Another  way  of  aiding  the  sintering  is  to  start 
with  very  fine  powders.  Unless  the  chemical  composition  is 
such  that  a colloid-gel  can  be  used,  this  usually  means  mech- 
anical milling  of  the  powder  before  mixing  and  pressing.  Thus, 
it  can  be  seen  that  there  are  difficult  problems  in  maintaining 
uniformity,  porosity,  microstructure,  and  purity  in  a typical 
fabrication  facility.  Aside  from  this,  unless  the  processor 
chemically  forms  his  own  powder  starting  material,  there  is 
the  problem  of  determining  purity  of  the  vendor's  powders. 

While  this  acceptance  analysis  can  be,  and  usually  is,  done 
routinely  for  cation  (metallic)  Impurities,  it  is  not  as 
easily  done  for  many  anion  impurities.  One  of  the  authors 
has  encountered  a situation  where  two  seemingly  identical 
batches  of  beryllium  oxide  powder  produced  very  different 
densities  of  the  end-product  under  the  same  processing  condi- 
tions. The  apparent  culprit  turned  out  to  be  a difference  in 
the  amount  of  sulfate  ion  impurity  which  was  not  initially 
ch  eked.  One  additional  problem  is  that  a large  shrinkage 
occurs  during  firing  of  any  ceramic  formed  by  the  above  tech- 
niques. This  is  controllable  provided  every  other  aspect  of 
the  process  (e.g.,  purity,  temperatures,  etc.)  is  very  precisely 
controlled,  which  normally  they  are  not,  nor  probably  can  they 
be . 
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One  method  used  to  alleviate  some  of  the  difficulties, 
particularly  the  shrinkage  problem,  is  to  press  at  high  temp- 
eratures. This  is  costly  but  can  result  in  a dense  piece 
processed  nearly  to  net  shape,  and  the  cost  may  be  worth  it. 
Hot-pressing  certainly  does  not  solve  all  the  problems,  but  is 
probably  the  best  technique  in  normal  use.  Nonetheless,  in 
any  high-temperature  sintering  process,  it  is  difficult  to 
avoid  contamination  and,  what  may  be  equally  important,  diffi- 
cult to  keep  impurities  from  agglomerating  and  forming  unwanted 
I local  phases.  Aside  from  other  effects,  such  inhomogeneltles 

I would  generally  have  a different  expansion  than  the  bulk  mate- 

I rial,  which  could  tend  (on  cooling  down  the  specimen)  to  form 

i Internal  flaws.  These  fabrication  difficulties  have  not  been 

F 

I particularly  serious  in  the  past,  since  by  far  the  overwhelming 

bulk  of  usage  of  ceramics  has  been  for  nonstructurally  critical 
applications.  Improvement  of  processing  and  forming  techniques 
must  be  an  Integral  part  of  any  planning  to  use  ceramics  as 
critical  structural  members. 

B.  TYPES  OF  CERAMIC  STRUCTURAL  APPLICATIONS 

Continuing  the  background  discussion  of  ceramics,  it  is 
worthwhile  to  Indicate  briefly  the  types  of  structural  appli- 
cations that  are  presently  of  Interest  to  the  DoD.  These  are 
listed  below  for  the  orientation  of  the  reader  and  most  are 
considered  more  deeply  in  Section  II-D  and  in  Chapter  V specif- 
ically devoted  to  composite  applications. 

1.  Internal  combustion  engines 
Open-cycle  gas  turbine  components 
Diesel  engine  components 

2.  External  combustion  engines 
Closed-Brayton-cycle  heat  exchangers 

3.  Rocket  motor  nozzle  components 

4.  Ballistic  reentry  vehicle  thermal  protection  system 
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if  5.  Electromagnetic  windows 

Radomes  and  infrared  domes 
Reentry  vehicle  antennas 
6.  Magnetohydrodynamic  generator  components 
r-  7.  Rolling  and  sliding  high-speed  bearings  and  seals 

'■  8.  Battlefield  and  aircraft  armor 

f;  9-  Inserts  for  gun  barrels 

10.  Dental  and  orthopaedic  Implants 
J 11.  Roads,  runways,  and  structures  (largely  concrete) 

'<  12.  Shipboard  Incinerators 

p The  materials  criteria  for  some  of  these  applications  vary 

® depending  on  required  conditions  (engines,  for  example,  cover 

a broad  range  of  uses).  There  are  applications  of  particular 
I Interest  to  other  agencies  than  the  DoD,  which  are  not  included 

f above.  Two  examples  are  energy  storage  (e.g.,  flywheels)  and 

I controlled-fusion  power-plant  components. 

I C.  CERAMIC-MATRIX  COMPOSITES  TECHNOLOGY  BACKGROUND 


I In  Section  A,  It  was  pointed  out  that  the  Inherent  brittle- 

ness of  ceramics  is  a major  stumbling  block  for  their  use  in 
engineering  applications  where  tensile  stress  must  be  accepted 
and  where  a highly  reliable  structural  element  must  be  achieved. 
It  was  also  shown  that,  while  in  principle  monolithic  ceramic 
bodies  could  be  built  to  overcome  this  problem,  the  require- 
ments for  flaw  sizes  were  so  stringent  as  to  make  them  diffi- 
cult to  detect,  let  alone  to  achieve  in  fabrication.  If,  then, 
ceramics  are  to  be  used  in  such  applications,  it  would  appear 
that  the  designer  must  accept  a probabilistic  mode  of  failure; 
that  is,  even  after  a reasonable  level  of  quality  control,  he 
will  only  know  that  "this  piece  has  a 90%  chance  of  withstand- 
ing 50,000  psl  tensile  stresses,"  not  that  "this  piece  will 
withstand  50,000  psl  tensile  stress."  In  many  cases  this  will 
be  satisfactory,  but  also  in  many  it  will  not.  It  would  be 
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One  method  used  to  alleviate  some  of  the  difficulties, 
particularly  the  shrinkage  problem,  is  to  press  at  high  temp- 
eratures. This  is  costly  but  can  result  in  a dense  piece 
processed  nearly  to  net  shape,  and  the  cost  may  be  worth  it. 
Hot-pressing  certainly  does  not  solve  all  the  problems,  but  is 
probably  the  best  technique  in  normal  use.  Nonetheless,  in 
any  high-temperature  sintering  process,  it  is  difficult  to 
avoid  contamination  and,  what  may  be  equally  Important,  diffi- 
cult to  keep  impurities  from  agglomerating  and  forming  unwanted 
local  phases.  Aside  from  other  effects,  such  inhomogeneltles 
would  generally  have  a different  expansion  than  the  bulk  mate- 
rial, which  could  tend  (on  cooling  down  the  specimen)  to  form 
Internal  flaws.  These  fabrication  difficulties  have  not  been 
particularly  serious  in  the  past,  since  by  far  the  overwhelming 
bulk  of  usage  of  ceramics  has  been  for  nonstructurally  critical 
applications.  Improvement  of  processing  and  forming  techniques 
must  be  an  Integral  part  of  any  planning  to  use  ceramics  as 
critical  structural  members. 

B.  TYPES  OF  CERAMIC  STRUCTURAL  APPLICATIONS 

Continuing  the  background  discussion  of  ceramics,  it  is 
worthwhile  to  indicate  briefly  the  types  of  structural  appli- 
cations that  are  presently  of  interest  to  the  DoD.  These  are 
listed  below  for  the  orientation  of  the  reader  and  most  are 
considered  more  deeply  in  Section  II-D  and  in  Chapter  V specif- 
ically devoted  to  composite  applications. 

1.  Internal  combustion  engines 

Open-cycle  gas  turbine  components 

Diesel  engine  components 

2.  External  combustion  engines 

Closed-Brayton-cycle  heat  exchangers 

3.  Rocket  motor  nozzle  components 

. Ballistic  reentry  vehicle  thermal  protection  system 
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5.  Electromagnetic  windows 
Radomes  and  infrared  domes 
Reentry  vehicle  antennas 

6.  Magnetohydrodynamlc  generator  components 

7.  Rolling  and  sliding  high-speed  bearings  and  seals 

8.  Battlefield  and  aircraft  armor 

9.  Inserts  for  gun  barrels 

10.  Dental  and  orthopaedic  Implants 

11.  Roads,  runways,  and  structures  (largely  concrete) 

12.  Shipboard  incinerators 

The  materials  criteria  for  some  of  these  applications  vary 
depending  on  required  conditions  (engines,  for  example,  cover 
a broad  range  of  uses).  There  are  applications  of  particular 
interest  to  other  agencies  than  the  DoD,  which  are  not  included 
above.  Two  examples  are  energy  storage  (e.g.,  flywheels)  and 
controlled-fusion  power-plant  components. 

j 

C.  CERAMIC-MATRIX  COMPOSITES  TECHNOLOGY  BACKGROUND 

In  Section  A,  it  was  pointed  out  that  the  inherent  brittle- 
ness of  ceramics  is  a major  stumbling  block  for  their  use  in 
engineering  applications  where  tensile  stress  must  be  accepted 
and  where  a highly  reliable  structural  element  must  be  achieved. 

It  was  also  shown  that,  while  in  principle  monolithic  ceramic 
bodies  could  be  built  to  overcome  this  problem,  the  require- 
ments for  flaw  sizes  were  so  stringent  as  to  make  them  diffi- 
cult to  detect,  let  alone  to  achieve  in  fabrication.  If,  then, 

ceramics  are  to  be  used  in  such  applications,  it  would  appear  ’ 

that  the  designer  must  accept  a probabilistic  mode  of  failure; 
that  is,  even  after  a reasonable  level  of  quality  control,  he 
wllj.  only  know  that  "this  piece  has  a 90!l  chance  of  withstand- 
ing 50,000  psi  tensile  stresses,”  not  that  "this  piece  will 
withstand  50,000  psi  tensile  stress."  In  many  cases  this  will 
be  satisfactory,  but  also  in  many  it  will  not.  It  would  be 


obviously  desirable  If  some  way  could  be  devised  to  make  cera- 
mics more  forgiving  or,  to  put  It  another  way,  have  greater 
"toughness . " 

The  only  presently  known  methods  of  doing  this,  approaching 
or  achieving  practicality.  Is  to  Introduce  cohesive  elements 
or  barriers  to  crack  propagation.  In  the  form  of  discrete  par- 
ticles or  fibers.  Into  the  ceramic  materials.  In  other  words, 
one  can  form  a ceramic-matrix  composite.  A well-known  example 
Is  the  use  of  steel  reinforcing  bars  In  concrete.  Rebars 
partly  prevent  cracks  from  spreading,  but  they  also  take  up 
tensile  stresses  when  the  concrete  has  cracked  and  allow  the 
rest  of  the  concrete  structure  to  withstand  compressive  loading 
(for  which  It  Is  well  suited).  Attempts  to  do  this  In  more 
typical  ceramic  bodies  have  met  with  mixed  success.  More  often 
than  not,  an  Increased  toughness  was  accompanied  by  a decrease 
In  tensile  stress.  This  is  indicated  in  Fig.  2,  which  shows 
the  result  of  British  work  incorporating  chopped  fibers  into 
various  ceramic  bodies.  The  chart  on  the  left  side  shows  that 
the  fracture  surface  energy  (a  measure  of  toughness)  increases 
modestly  to  tremendously  as  fibers  are  added,  although  for  most 
matrices  there  is  a maximum  fiber  volume  which  can  be  tolerated. 
However,  the  chart  on  the  right  side  shows  that  the  relative 
strength  of  most  of  the  same  materials  decreases  markedly.  An 
exception  appears  to  be  aligned  carbon-fiber-reinforced  glass, 
which  evidently  continues  to  get  both  tougher  and  stronger  as 
the  fiber  volume  is  increased.  It  should  be  mentioned  that  the 
tensile  strength  was  only  measured  In  the  direction  of  align- 
ment; presumably  in  the  other  directions.  Its  strength  would 
also  decrease.  Nonetheless,  as  will  be  brought  out  later,  fiber- 
reinforced  glasses  appear  to  be  a very  interesting  class  of 
materials,  whose  applications  may  be  relatively  short-term, 
although  the  technological  reasons  for  their  good  properties 
are  not  yet  entirely  clear. 
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FIGURE  2.  Some  Measures  of  Toughness  and  Strength  (at  room  temperature)  for  Various  Fiber- 
Reinforced  Ceramics  (from  R.L.  Rice,  IDA  CMC  Workshop;  also,  see  Ref.  4) 
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Another  illustration  of  the  mixed  blessings  observed  in  ' 

early  composite  work  is  shown  in  Fig.  3.  This  shows  the  moduli 
of  rupture  (the  breaking  strength  of  a bar  specimen  under  three- 
point  loading)  of  aluminum  oxide  with  various  amounts  of  chopped 
molybdenum  wires.  The  modulus  is  plotted  against  the  number 
of  thermal  cycles  from  2200°F  to  room  temperature  and  it  thus 
shows  the  effects  of  continued  cracking  tendencies  on  the 
strength,  not  Just  a single-temperature  one-shot  test.  Note 
that  pure  alumina*  essentially  falls  apart  after  two  cycles, 
but  the  composite  maintains  a strength  as  far  as  the  tests  were 
carried  out.  However,  similarly  to  the  case  of  Fig.  2,  the 
initial  strength  of  the  composite  is  appreciably  lower  than 
that  of  the  matrix  alone.  This  is  at  least  partly  due  to  the 
inadvertent  increase  in  porosity  as  the  fibers  are  introduced. 


FIGURE  3.  Modulus  of  Rupture  as  a Function  of 
Thermal  Cycling  for  the  Alumina- 
Molybdenum  Fiber  System  (Ref.  3) 


Alumina  is  common  shorthand  for  aluminum  oxide,  as  is  beryllia, 
magnesia,  etc.,  for  the  oxide  of  the  indicated  metal. 
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The  task  of  establishing  the  present  technical  state  of 
affairs  of  ceramic-matrix  composites  was  made  easier  by  the 
existence  of  two  excellent  reviews:  one  was  published  by 
Krochmal  (Ref.  5)  about  10  years  ago  and  the  other  by  Donald 
and  McMillan  (Ref.  3)  about  one  year  ago.  Both  contain  thorough 
references  of  work  up  to  their  times  of  appearance,  and  Krochmal 
gives  a good  compilation  of  phase  equilibrium  data.  It  Is  of 
Interest  to  quote  from  each  reviewer  some  of  the  more  pertinent 
and  technically  broad  conclusions. 

Krochmal  (196?) 

"...despite  a number  of  virtues  of  fiber 
reinforced  ceramics,  the  present  technology  has 
been  unable  to  capitalize  on  this  approach  to 
achieve  more  thermally  shock  resistant  ceramics 
having  predictable  mechanical  Integrity.  This 
[stems]  from  several  factors,  the  most  Important 
being  thermo-chemical  Interaction,  cracking,  and 
reinforcement  oxidation. 

"Low  temperature  processing  as  well  as  the 
use  of  coated  filaments  are  Indicated  as  potential 
solutions....  [There  Is  a]  need  for  studies  of 
the  mlcromechanlcs  of  reinforced  ceramics  [and 
of]  subsolldus  kinetics  In  some  systems.... 

Filaments  of  chromium  and  transition  metal  borides 
and  beryllldes,  all  of  which  are  presently 
unavailable,  are  noted  as  offering  potential 
solutions  [to  the  reinforcement  oxidation  problem]." 

Donald  and  McMillan  (1976) 

"...Increases  In  energy  of  fracture  may  be 
obtained  for  particle  reinforcement  If  the  frac- 
ture toughness  of  the  dispersed  phase  Is  greater 
than  that  of  the  matrix  and  strong  bonding  exists, 
[and]  crack  deflection  ...can  marginally  Improve 
energy  of  fracture;  however.  In  all  Instances,  the 
Increase  Is  less  than  an  order  of  magnitude  and 
hence  of  questionable  significance. 

"Suitable  fibre  reinforcement  can  provide 
large  Increases  In  strength  approaching  an  order 
of  magnitude,  and  Increases  In  energy  of  fracture 
may  approach  three  or  four  orders  of  magnitude. 
lAuthore  ’ note- -evidently  they  refer  here  to 
glaee  matriaee . ] 
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"Continuous  brittle-fibre  systems  (l.e., 
carbon  and  silicon  carbide  fibres)  have  provided 
the  most  successful  composites  in  terms  of  strength 
and  toughness  at  ambient  temperatures  but  they  are 
of  little  practical  value  for  extended  elevated 
temperature  use.  ^.Authors  ' note--t''xi8  negative 
comment  by  D&M  is  due  to  the  situation  that  the 
carbon  filaments  may  readily  oxidize  above  about 
4Q0°C,  owing  either  to  matrix  porosity  or  crack- 
ing, and  that  the  silicon  carbide  fibers  prepared 
on  a tungsten  substrate  will  show  thermal  degrada- 
tion above  about  8S0^C.  While  both  statements 
were  true  of  the  earlier  work,  recent  develop- 
ments in  silicon  carbide  fiber  technology  and 
graphite  fiber  coatings  indicate  that  these 
difficulties  may  be  partially  or  totally  over- 
come. ] 

"For  high  fracture  energy  values  with  brittle 
fibres,  pull-out  effects  are  essential  \.Authors' 
note--pull-out  refers  to  the  actual  breaking  of 
surface  bonds  and  the  physical  pulling  of  fibers 
through  part  of  the  matrix  as  a crack  spreads^ , 
but  rupture  [or  plastic  deformation]  of  ductile 
fibres  can  lead  to  a high  energy  of  fracture 
without  the  necessity  for  pull-out. 

"...[chopped]  brittle  fibres  yield  only 
a small  increment  in  energy  of  fracture  whilst 
ductile  fibers  can  provide  large  Increments. 

"...[there  are  uncertainties]  of  the  in  situ 
value  of  the  fibre  strength  and,  in  the  case  of 
discontinuous  reinforcement,  ...of  the  effect  of 
misaligned  fibres  as  stress-concentration  sites. 

"Fibre  reinforcement,  particularly  with 
ductile  fibres,  generally  Improves  the  resist- 
ance of  a ceramic  to  thermal  shock,  but  matrix 
microcracking  may  be  initiated. 

"The  potential  of  fibre-reinforced  ceramics 
is  high,  but  only  if  several  Important  aspects... 
are  fully  evaluated,  can  they  be  seriously  con- 
sidered as  useful  structural  materials.  [These 
aspects  are:] 

(i)  dynamic  and  static  fatigue  resistance; 

(11)  Impact  resistance; 

(ill)  thermal  shock  and  thermal  fatigue 
resistance ; 

(Iv)  long-term  thermal  stability; 
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(v)  the  effect  of  progressive  matrix 

microcracking  on  these  properties, 
and  the  effect  of  the  environmental 
conditions  and  specimen  size  and  shape." 

As  far  as  applications  are  concerned,  Donald  and  McMillan 
have  this  comment: 

"At  the  present  time  [ca  1975-1976],  flbre- 
relnforced  glasses  and  ceramics  have  not  provided 
viable  alternatives  to  more  conventional  metallic 
materials,  and  much  more  work  Is  required  If  such 
materials  are  ever  to  become  acceptable  replacements. 
However,  their  range  of  potential  applications 
Is  extremely  diverse  and  hence  the  Incentive  for 
further  Investigation  Is  high." 

Note  the  recurrence  of  statements  to  the  effect  that  ductile 
(metallic)  reinforcement  Is  especially  good  In  Increasing  the 
Impact  resistance  and  toughness  of  ceramic  matrices,  but  that 
the  oxidation  problem  greatly  restricts  the  range  of  applica- 
tions. Unfortunately,  the  latter  problem  Is  still  with  us. 

In  1966,  Miller,  Singleton  and  Wallace  (Ref.  6)  state: 

"The  poor  oxidation  resistance  exhibited 
by  the  composites  casts  doubt  on  the  future  of 
metal  fiber  reinforced  ceramics  at  elevated  tem- 
peratures particularly  for  use  as  Jet  engine 
components . " 

In  1976,  Brennan  (Ref.  7;  also  see  Appendix  A,  Sections  1 and 
5)  states.  In  part: 

"One  of  the  problems  connected  with  the 
use  of  refractory  metal  wire... In  a ceramic 
matrix  composite ... In  an  oxidizing  environment 
[If  a]  crack  develops  [Is  that]  catastrophic 
oxidation  of  the  wire  soon  occurs." 

Attempts  were  made  to  slllclde  the  tantalum  fibers  used  by 
Brennan.  The  coating  was  highly  successful  In  preventing 
oxidation  of  the  free  wires,  but  had  little  effect  In  preventing 
their  oxidation  when  Incorporated  Into  the  ceramic  composite 
(the  reasons  for  this  are  not  clear).  For  most  of  the  hlgh- 
temperature  DOD  application  areas,  there  seems  to  be  very  little 
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encouragement  for  serious  consideration  of  metal  wire  re- 
inforced ceramics. 

It  is  Interesting  to  note  that,  even  though  ten  years 
apart,  both  of  the  reviewers  cited  were  in  agreement  that  cera- 
mic-matrix composites  were  not  yet  ready  for  use,  at  least  in 
the  more  advanced  structural  applications,  at  the  time  their 
papers  were  written.  By  the  time  of  Donald  and  McMillan  (1976), 
the  data  information  base  had  grown  to  the  extent  that  they 
were  able  to  delineate  guidelines  as  to  what  the  relative 
matrix  and  reinforcement  properties  should  be.  Since  then  the 
basic  understanding  has  been  further  Increased,  especially  by 
the  work  of  the  Naval  Research  Laboratory  group  (see  Appendix  A, 
Section  7),  and  there  are  now  some  areas  where  applications 
development  efforts  might  bear  fruit. 


D.  EXAMPLES  OF  POTENTIAL  CMC  APPLICATIONS 


Section  B above  lists  12  potential  application  areas  for 
ceramic  structural  use.  It  is  worthwhile  to  briefly  discuss  a 
few  of  these  from  the  viewpoint  of  ceramic-matrix  composites. 
This  is  not  intended  to  exhaust  the  list,  but  only  to  indicate 
some  that  appear  to  deserve  fairly  imminent  attention. 

1 . Internal  Combustion  Engines 

For  reciprocating  engines,  the  closest  application  is  the 
diesel  power  plant  as  far  as  ceramics  are  concerned.  R&D  work, 
partially  supported  by  the  DoD,  is  in  progress  to  exploit  re- 
fractory, thermally  insulating  materials  to  such  a degree  that 
the  conventional  cooling  system  demands  are  either  strongly 
alleviated  or  even  totally  eliminated.  If  this  can  be  done, 
the  operational  advantages  are  obviously  great.  For  example, 
it  is  presently  estimated  that  almost  5051  of  the  road  mainten- 
ance problems  associated  with  diesel-powered  trucks  are  caused 
by  the  cooling  system. 
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For  open-cycle  gas  turbine  use,  of  course,  there  are  sub- 
stantial (about  $3-5  million)  efforts  under  way  by  DARPA  to  use 
silicon  nitride  and/or  carbide  materials  as  both  stators  and 
rotors.  The  program  has  had  a limited  success,  but  performance 
of  test  engines  has  been  marginal  because  (among  other  things) 
of  thermal  stress.  Impact,  and  vibrational  problems.  The  tur- 
bine Inlet  temperature  has  been  downgraded  to  2250°F  (from 
2500°F)  for  the  Navy  demonstrator  engine.  While  there  Is  a 
strong  Interest  In  the  cruise  missile  application,  no  manned- 
aircraft  uses  are  being  contemplated,  largely  because  of  the 
Inherently  probabilistic  mode  of  failure  of  the  key  ceramic 
parts . 

For  both  these  engine  types,  the  ability  to  use  an  Inherent 
"tough"  ceramic  would  greatly  enhance  the  probabilities  of 
successful  performance  (l.e.,  performance  where  the  full  use 
of  the  ceramic  advantages  over  metals  can  be  utilized).  As 
one  specific  example,  rotor  blade  failures  In  the  turbine 
demonstrator  program  have  been  ascribed  (In  a preliminary  way) 
to  vibrations  considered  excessive  due  to  the  very  low  Internal 
damping  characteristic  of  the  ceramic.  Compositing,  In  general, 
will  add  appreciable  damping  to  such  a material. 

2 . Closed-Brayton-Cycle  Engines 

Under  ONR  contract,  feasibility  studies  are  being  carried 
out  on  compact  lightweight  closed-Brayton  systems  for  ship  pro- 
pulsion. In  such  an  engine,  using  an  Inert  gas  working  fluid, 
the  critical  Item  from  weight,  volume,  temperature,  and  corrosion 
standpoints  Is  the  heat  source,  and  specifically  the  heat  exchange 
system  which  sees  the  combustion  products  from  a fossil  fuel 
burner  on  one  side  and  the  Inert  gas  on  the  other.  One  result 
of  the  study,  done  for  a 40,000-hp  engine.  Is  that  the  specific 
weight  of  the  power  plant  (In  Ib/hp)  would  be  reduced  by  a fac- 
tor of  ten  by  using  a ceramic  heat  exchanger  operating  with  a 
hot-spot  temperature  of  2500®F.  This  would  represent  a quantum 


Jump  In  heat  source  technology,  and  make  such  engines  look 
extremely  attractive  for  shipboard  use.  Time  between  major 
overhauls  for  any  such  heat  source  would  have  to  be  several 
tens  of  thousands  of  hours.  If  the  ceramic  Is  silicon  carbide 
or  nitride,  the  apparent  Initial  choices,  there  has  to  be  a 
great  concern  about  oxidation  effects.  Neither  material  has 
been  tested  for  more  than  about  100  hours,  and  several  people 
In  the  IDA  workshop  expressed  concern  about  any  long-term  usage 
of  these  materials  In  an  oxidizing  atmosphere.  At  least  some 
of  the  oxides  would  appear  more  satisfactory  from  this  stand- 
point, but  thermal  stress  problems  then  become  more  severe. 

An  oxide  matrix  composite  Is  an  obvious  choice,  if  within 
feasibility.  Very  likely.  In  order  to  preserve  mechanical 
integrity,  even  silicon  carbide  would  have  to  be  reinforced. 

3 . Beari ngs 

Ceramics,  particularly  silicon  nitride,  have  made  excellent 
roller  and  ball  bearing  materials,  both  with  metal  and  with 
ceramic  races.  However,  when  they  do  break  under  load,  they 
behave  like  typical  ceramics  and  shatter  catastrophically.  If 
relatively  Inexpensive  processing  techniques  can  be  developed 
for  compositing  such  components,  the  feasibility  of  taking 
advantage  of  ceramic  bearings  might  be  enhanced. 

4 . Shipboard  Incinerators 

Multifunctional  shipboard  incinerators  (MSI)  would  at 
first  sight  seem  like  mundane  systems  without  significant 
problems.  This  does  not  appear  to  be  the  case.*  An  MSI  com- 
• bines  the  functions  of  a solid-waste  incinerator,  a freshwater 

sewage  incinerator,  and  a saltwater  sewage  incinerator.  It 
must  be  comparatively  light  and  small  (<10,000  pounds  and  to 

1 

t The  authors  are  Indebted  to  W.L.  Wheatfall  of  DTSRDC,  Annapolis, 

for  supplying  them  with  MSI  Information.  MSI  Is  an  ongoing 
Navy  6.3  program.  See  also  Ref.  8. 
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fit  into  a 12*xl2'x8'  space),  have  burn-time  reliability  for 
10,000  hours  between  major  overhauls  and  1150  continuous  hours 
without  failure,  withstand  temperatures  up  to  2000°P  in  an 
extremely  corrosive  atmosphere,  and  withstand  shock  and  vibra- 
tion. If  weight  and  size  were  not  limiting,  brute  force  re- 
fractory ceramic  lining  concepts  could  probably  be  used  to 
satisfy  the  other  requirements.  Because  of  these  limitations, 
however,  the  refractory  liner  is  proving  to  be  a significant 
R&D  problem.  This  is  a case  where  ceramic  composite  technology 
could  be  beneficially  applied  for  a near-term  problem. 
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III.  SUMMARY  OF  RESPONSES  TO  THE  IDA 
CERAMIC-MATRIX  COMPOSITES  SURVEY* 


A.  APPLICATIONS  FOR  CMC 

The  many  suggested  applications  for  ceramic-matrix  composites 
(CMC),  offered  by  the  group  of  respondents,**  were  either  founded 
upon  (a)  experience,  (b)  informed  Judgment,  or  (c)  reasoned 
imagination.  These  potential  uses  may  be  classified,  first,  on 
an  arbitrary  basis  of  temperature  of  service;  for  example 

1.  near  atmospheric  temperature 

2.  about  100-700°C 

3.  above  700°C. 

A second  possible  classification  would  divide  the  applica- 
tions into  those  of  potential  value  to  the  Department  of  Defense, 
and  those  of  value  to  others.  Because  the  needs  of  the  DoD  are 
so  broad  however,  it  does  not  appear  fruitful  to  make  that 
division  at  this  time. 

1 . For  Service  Near  Atmospheric  Temperature 

Suggested  mechanical  uses  Included  roads,  runways  for  air- 
craft (Duckworth,  Hllllg),  tools  and  tooling  (Baker,  Dlness, 
Rlchman),  cutting  tools  (Whalen),  and  flywheels  (Kupperman). 

As  replacements  for  missing  parts  of  the  human  anatomy,  one 
notes  the  proposed  use  of  CMC  for  prostheses  (DeVries),  and  for 
dental  and  orthopaedic  implants  (Pollack).  Brown  suggested 


Appendix  C contains  the  questions  used  in  the  survey  of  the 
CMC  Workshop. 

Respondents  are  listed  in  Appendix  B in  alphabetical  order. 
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structural  beams  of  wire-reinforced  concrete.  Beck  thought  of 
the  potential  virtue  of  CMC  in  hydrospace  vehicles.  Proposed 
applications  with  chemical  overtones  were  as  conveyor  pipe  for 
particulate  or  corrosive  materials  (Wirtz),  as  electrolyte  in 
the  sodium-sulfur  battery  (Stoddard),  and  as  nozzles  for  chemical 
lasers  (Stoddard). 

Several  envisioned  uses  of  CMC  were  all  akin  because  of 
their  common  relationship  to  electromagnetic  radiation:  window 
glass  with  metallic  reinforcements  (Chu,  Brown,  Ordway),  antenna 
windows  (Beasley,  Dlness),  Infrared  transmitters  of  good 
strength  (Wang),  antimissile  missiles  (Rlchman) , laser-proof 
aircraft  (Baker),  and  laser-hard  radomes  (Bersch),  or  domes, 
in  general  (Beasley,  Dlness,  Phillips,  Rice,  Steinberg). 

Tressler  suggested  rigldlzed  fibrous  insulation. 

Suggestions  for  the  battlefield  were  for  armor  (Baker, 

Cline,  Davidson,  Hilllg,  Kupperman) , kinetic-energy  penetrators 
or  armor  (Davidson,  Rlchman),  and  antipersonnel  fragmentation 
devices  (Rlchman) . 

2 . For  Service  About  100-700°C 

Assignment  of  proposed  applications  to  this  roughly  limited 
range  of  temperature  is  inevitably  imprecise.  Seemingly  appro- 
priate are  bearings  (DeVries),  bearing  surfaces  (Herman,  Kroch- 
mal), parts  of  piston  engines  (Hlllig),*  diesel  components 
(Bortz),  and  Stirling  engine  heater-head  tubes  (Probst).  High- 
temperature  reinforced  concrete  (Wachtman)  belongs  here.  Then 
come  low-temperature  burners  (Doremus,  Probst),  flame  arresters 
for  rocket-boosted  ramjets  (Davidson),  and  environmental  pro- 
tection for  coal-conversion  reactors  (Beasley).  To  these,  one 
adds  heat  exchangers  (Carpenter,  Chaklader,  Dlness),  hlgh- 


In  the  mid-1960s,  David  Godfrey  built  a working  lawn-mower 
engine  with  major  components  of  silicon  nitride.  -HMD 
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temperature  Insulators  (Davidson),  aerospace  vehicles  (Beck), 
and  high-temperature  gas-cooled  reactors  (Chaklader). 

3.  For  Service  Above  700°C 

Suggested  applications  for  this  demanding  zone  Included 
containers  for  the  processing  of  materials  (Doremus),  hot  dies 
for  refractory  metals  (Chapman),  plate  filters  for  combustion 
gas  (Paquette),  components  for  magnetohydrodynamlc  generators 
(Bradt,  Chapman,  Rice,  Stoddard,  Wachtman),  furnace  materials, 
furnace  furniture,  and  crucibles  (Doremus,  Duckworth,  McGee 
Phillips),  and  coal  gasifiers,  other  high-temperature  reactors 
(Wachtman),  and  gas-turbine  combustors.  Most  often  named  were 
turbine  components,  their  rotors,  stators,  and  seals  Included 
(Bradt,  Brennan,  Bortz,  Chaklader,  Cline,  Conrad,  Diness, 

Doremus,  Hllllg,  Krochmal,  Lynch,  McLean,  Paquette,  Prewo, 

Probst,  Richman,  Sato,  van  Reuth,  Warren,  Whalen,  Wlrtz). 

Rocket  nozzles,  and  other  hot  nozzles,  were  also  frequently 
cited  (Ahmad,  Carpenter,  Cline,  Davidson,  Diness,  Duckworth, 
Lynch,  Wirtz).  The  potential  value  of  CMC  for  aerospace  was 
indicated  by  their  suggested  use  in  hypersonic  vehicles  (Baker, 
Krochmal),  and  in  reentry  surfaces;  l.e.,  nose  cones,  leading 
edges,  etc.  (Beasley,  Davidson,  Duckworth,  Kupperman,  Lynch, 
Steinberg,  Wirtz).  Herman  foresaw  a probable  role  for  CMC  in 
the  awaited  technology  of  controlled  thermonuclear  reactions. 

B.  SUGGESTED  MATERIALS  COMBINATIONS 

Respondents  to  the  questionnaire  suggested  many  combinations 
of  materials  which  they  thought  worthy  of  Investigation  as 
possible  ceramic-matrix  composites.  It  is  notable  that  the 
list  contains  remarkably  few  duplications,  a fact  that  may  well 
reflect  a widespread  uncertainty  of  knowledge  of  the  field; 
until  limitations  are  established  through  research,  many  of  the 
systems  offered  in  such  a list  will  exhibit  the  influence  of 
speculation. 


Matrix 

Reinforcement 

Respondent 

AI2O3 

Ti02 

Herman 

Zr02 

Herman,  Phillips 

Steel 

Ordway 

Tool  Steels 

Chaklader 

Stainless  Steels 

Chaklader 

Special  Alloys 

Chaklader 

Nickel 

Chaklader 

Ni chrome 

Morgan,  Ordway 

Mo 

Ordway 

W 

Ordway 

W by  directional  solidification 

Ahmad 

Aluminous  Cement 

Al203-Si02  Fibers 

Tressler 

A1 202”^*^  2^3 

Cr 

Stoddard 

CaO 

Mo 

Stoddard 

LaCrOj 

Cr  and  Pd 

Stoddard 

Ce02 

Mo 

Chapman 

(^203 

Mo 

Chapman 

Si02 

Si02  Fibers 

Pepper,  Steinberg 

AI2O3  Fibers  (duPont) 

Steinberg 

Th02 

W-wi re 

Tinklepaugh 

UO2 

W by  Eutectic  Solidification 

Chapman,  Uirtz 

Zr02 

Zr02  Fibers 

Lynch 

AI2O3  Fibers 

Lynch,  Phillips 

BeO 

Cline 

Nichrome 

Machlin 

W by  Eutectic  Solidification 

Chapman 

Zr02-Ce02-Y203 

Stoddard 

SiC 

C-Fibers,  Siliconized  (Si  Matrix) 

Warren 

Sic  (Si  Matrix) 

Whalen 

Si,  Carburized 

Burke,  Probst 

BeO 

1 »• 

Cline 

Pyrolytic  Graphite 

Graham 

Graphite 

McLean 

Sic 

Pepper 

McLean 

SiC-Si3N4 

Graphite  Fibers 

Pepper 

HfC 

Zr02 

Davidson 

TaC 

Ni 

Chaklader 

Mo 

Chaklader 

Ti , etc. 

Chaklader 

TiC 

Ni 

Chaklader 

Mo 

Chaklader 

T i , etc . 

Chaklader 

UC 

Ni 

Chaklader 

Mo 

Chaklader 

Ti , etc. 

Chaklader 

ZrC 

Zrt'2 

Davidson 

Graphite 

Nb-C 

Hirada 

Ta-C 

Hirada 

AIN 

Zr02 

Cline 

AI2O3  and  Zr02 

Cline 

SiC  Fibers 

Graham 
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BN 

AI2O3 

Diness 

BN  Fibers 

Pepper 

siaN^ 

Refractory  Metal 

Pepper 

Ta  Fibers 

Ahmad,  Bersch,  Brennan, 

McLean,  Machlin,  Probst 

Ta  or  W wire 

Tressler 

Fibers  of  SIC  on  W 

Ahmad 

Superalloy  Wires 

Morgan 

Fibrous  SI^N^ 

Diness,  Pepper 

"Reaction  Bonded" 

Burke,  Richman 

RSSN 

Fibers  made  in  situ 

Graham 

S1A10N 

AI2O3  Fibers 

Pepper 

"Glass" 

A1 2O3 

Lynch 

Zr02 

Lynch 

Graphite  Fibers 

Bersch 

SIC  Fibers 

Brennan,  Lynch 

Wires  or  Metal  Fragments 

Uher 

Fibers  of  High  Elastic  Modulus 

Beck 

Boros 11 1 cate 

Mullite  Fibers 

McGee 

Glass  or  Glass- 

Steel  Fibers 

Siefert 

Ceramic 

B Fibers 

Slefert 
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In  the  tabulation  that  follows,  the  distinction  between 
matrix  and  reinforcement  is  usually  firmly  determined;  but, 
occasionally,  whenever  the  nature  of  the  materials  is  such  that 
one  or  both  of  them  might  well  serve  in  either  function,  and 
the  respondent  has  been  less  than  clear  in  his  presentation, 
the  analyst's  Judgment  has  necessarily  intruded,  to  that  a 
measure  of  uncertainty  exists. 

Several  respondents  made  general  or  Incomplete  specifica- 
tion of  systems.  Their  contributions  could  not  properly  be 
fitted  into  the  above  tabulation,  but  are  listed  below  so  that 
their  possible  value  may  not  be  lost. 


Partially  Identified  Systems  Respondent 

Oxide  Ceramic  with  SiC  McLean 

Ceramic  with  Graphite  Baker 

Glass-Matrix  Composites  Prewo 

Aluminum  Silicate  with  Refractory  Metal  Chu 

Metal  Carbide  with  Graphite  Davidson 

Bonded  Diamonds  DeVries 

Porous  Carbide  infiltrated  by  Chemical  Vapor  Davidson 

Deposited  (CVD)  Metal 

Gels,  Reinforced,  Dehydrated  Mueller 

Concrete  with  Glass  Fibers  Blachere 

Tough  Stainless  Steel  in  Castable  Refractory  Smothers 

Report:  Feasibility  of  Fiber-Reinforced  Ceramics  Milewski 


Preview  (1967)  Giving  Many  Matrix-Fiber  Combinations  Krochmal 
C.  GENERAL  TECHNOLOGY 

Many  of  the  respondents  offered  cogent  comments  about  the 
technology  of  ceramic-matrix  composites.  Although  the  remarks 
range  widely  in  subject,  they  can  be  assigned,  with  at  least 
passing  satisfaction,  to  one  of  four  categories:  (1)  Status 
of  the  Field,  especially  Processing;  (2)  Strengths,  Advantages, 
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Promise;  (3)  Weaknesses,  Disadvantages,  Warnings;  and  (^)  Sug- 
gested Improvements,  Innovations. 


1 . Status  of  CMC 

Alliegro  reported  that  hot-pressed  bauxite,  reinforced 
with  wire  or  mesh,  served  well  in  many  situations  involving 
wear  or  Impact.  Bradt  thought  that  the  processing  of  CMCs  was 
a dominant  concern.  Chaklader  referred  to  his  research  paper 
of  October  1976  in  which  he  told  how  to  make  a dense  ceramic/ 
metal  body  by  hot-pressing  particles  of  that  had  been 

coated  with  copper,  then  milled,  then  coated  with  nickel.  Chu 
cited  the  Importance  of  attention  to  six  physical  and  chemical 
factors  (composition,  contact  angle.  Interfacial  adhesion, 
transformation,  expansivity,  and  stress  distribution),  and  to 
the  principal  variants  of  processing  (e.g.,  atmosphere,  diffu- 
sion, and  rate  of  heating  and  cooling). 

Cline  disclosed  his  1970  invention  of  honeycomb  armor,  a 
honeycomb  of  thin  metal,  filled  with  a ceramic  powder,  and  the 
whole  hot-pressed  into  a unitary  structure.  Pepper  discussed 
(and  Vasllos  mentioned)  a useful  method  of  fabrication:  a 
woven  preform  of  the  reinforcing  fiber  is  Impregnated  with  a 
slurry  or  a colloid  containing  the  component  for  the  ceramic 
matrix,  and  the  body  is  then  sintered  or  hot-pressed  into  the 
final  shape.  This  procedure  has  been  used  for  sillca/slllca 
and  for  BN/BN,  but  a source  of  inexpensive  BN  fibers  is  badly 
needed,  as  is  a supply  of  Si^N^  fibers  for  a Sl^N^^/Si^Nj^  system. 
Phillips  thought  it  feasible  to  add  A1  to  ZrO^,  and  Zr  to  kl^O^, 
to  fire  in  hydrogen,  then  to  fire  in  air  to  oxidize  the  metal, 
the  final  product  being  an  oxide-reinforced  oxide:  Al^O^  in 
Zr02,  and  Zr02  in  hl20^.  Pincus  suggested  that  those  who  employ 
knitted  or  woven  metallic  wires  might  learn  from  the  technology 
of  glass-reinforced  polymers.  He  pointed  out  that  the  use  of 
a reinforcing  metal  in  a ceramic  required  mastery  of  the  principles 
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of  combining  unlike  materials,  for  example,  the  relative 
expansivities  and  the  relative  elastic  moduli.  He  wondered 
whether  one  might  make  use  of  clad  metals,  of  principles  that 
promote  bonding,  and  of  configurational  preferences. 

Russell,  Insisting  that  one  should  consider  composites 
Involving  the  more  common  ceramics — not  only  the  rare  and 
"exotic"  materials.  Invited  attention  to  ceramics  of  controlled 
porosity  Impregnated  with  plastics  or  metals,  and  to  sintered 
ceramic-metal  composites. 

Tallan  reasoned  that  the  purpose  of  the  second  phase  In  a 
ceramic  matrix  should  be  to  Impart  toughness  or  resistance  to 
thermal  shock,  perhaps  through  crack  arrest,  crack  branching, 
or  other  mode  of  absorbing  energy. 

Warren  argued  that,  although  the  role  of  fracture  surface 
energy  In  the  mechanical  behavior  of  brittle  solids  had  received 
only  minor  direct  R&D  attention  during  the  DARPA  Turbine  Program, 
Improvement  In  the  fracture  energy  of  Sl^N^  and  SIC  was  never- 
theless accomplished.  This  Improvement  was  attributable  to  a 
reduction  In  Impurities,  and  to  a decrease  In  grain  size  through 
Improved  processing.  Fibers  of  carbon  or  metal  In  a brittle 
matrix  also  Increase  the  fracture  surface  energy  (e.g..  Mo  fibers 
In  Al^O^,  Ta  In  Sl^N^). 

2 . Strengths,  Advantages,  Promise 

Bortz  emphasized  the  potential  advantages  of  fiber-strength- 
ened ceramics,  maintaining  (a)  that  the  fibers  can  carry  the 
majority  of  the  load,  the  matrix  merely  transferring  Imposed 
stress  from  fiber  to  fiber;  (b)  that  fibers  In  a ceramic  material 
can  add  toughness  and  lessen  brittle  fracture;  (c)  that,  with 
low-density  matrices,  favorable  strength-to-welght  ratios  are 
obtainable;  (d)  that  an  environment-resistant  matrix  will  protect 
the  load-bearing  fibers;  and  (e)  that,  with  appropriate  design, 
the  strength,  fracture  toughness,  and  brittleness  of  a CMC  can 
be  matched  against  requirements. 


Diness  saw  promise  of  pullout  toughening  by  fibers  in  a 
ceramic  matrix,  especially  by  fibrous  Si^N^^  in  Si^N|^.  He  also 
cited  the  potential  for  toughening  through  stress-induced  trans- 
formation, and  through  the  microworking  that  attends  thermal 
cycling. 

Both  Fine  and  Firestone  thought  that  castable  refractories 
reinforced  with  fibers  would  offer  enhanced  strength  and  resist- 
ance to  thermal  shock. 

Morgan  pointed  out  that  castable  ceramics  containing  stain- 
less steel  fibers  are  in  use  in  furnace  roofs.  He  predicted 
that  "graded"  metal/ceramlc  structures,  which  could  readily  be 
made  (e.g.,  by  reactive  hot-pressing),  probably  had  an  important 
future  in  turbines,  etc. 

3.  Weaknesses,  Disadvantages,  Warnings 

Alllegro  considered  composites  "a  risky  business"  beacuse , 
in  service,  reaction  between  phases,  and  Interference  because 
of  expansion,  would  sometimes  yield  "the  worst  properties  of 
the  individual  members."  He  therefore  held  that  a composite 
ought  to  be  used  at  temperatures  that  are  well  below  the  temper- 
ature of  fabrication. 

Bortz  warned  of  possible  incompatibility  of  the  components 
of  a composite.  He  explained  the  thermodynamic  basis  for  pre- 
dicting the  compatibility  or  incompatibility  of  a paired  metal- 
lic fiber  and  a ceramic  oxide,  and  he  supplied  some  relevant 
values  of  free  energy  of  formation. 

Cutler,  writing  of  the  potential  virtues  of  glass  fibers 
in  the  strengthening  of  building  material,  stated  that  the  major 
problem  was  to  discover  an  inexpensive  matrix  that  would  not 
degrade  the  fibers. 

Duga  said  that  a great  Impediment  to  progress  in  the  field 
arose  "from  an  Incomplete  knowledge  of  the  characteristics  of 


the  Interfaces"  in  any  ceramic/metal  system  of  Interest.  He 
thought  not  only  of  the  physical,  chemical,  mechanical,  and 
structural  characteristics,  but  also  of  how  those  interfaces 
were  formed. 

Lynch  recognized  many  problems  that  make  difficult  the 
development  of  structural  ceramic  composites,  especially 
chemical  compatibility,  differences  in  thermal  expansion,  and 
strength-to-welght  ratios. 

Paquette  was  impressed  by  the  array  of  problems  presented 
by  the  materials  that  are  considered  for  use  in  CMC.  Some  of 
these  were  shear  strength,  toughness  and  impact  strength, 
creep  resistance,  resistance  to  thermal  shock,  and  long-term 
durability.  He  also  saw  the  need  for  investigation  of  crack 
growth,  fiber-matrix  interaction,  and  susceptibility  to  corrosion/ 
eroslon/oxldation . He  wondered  whether  the  Job  was  actually 
worth  doing. 

Pepper  dwelt  upon  gaps  in  the  technology,  and  upon  the 
severity  of  the  environment  in  which  certain  CMCs  might  be 
expected  to  serve.  He  considered  the  lack  of  suitable  fiber 
reinforcement  for  high-temperature  ceramics,  such  as  silicon 
nitride,  to  be  critical.  He  thought  that,  in  particular,  a 
fiber  of  silicon  nitride  exhibiting  a high  degree  of  chemical 
compatibility  with  bulk  silicon  nitride,  and  also  possessing  a 
matching  thermal  expansivity,  was  badly  needed  for  the  compo- 
nents of  the  gas  turbine.  He  Judged  that  the  environment  of 
heat  exchangers  for  turbines  and  closed-cycle  engines  was 
equally  demanding. 

Like  Alliegro,  Searcy  feared  constitutional  changes  in  CMCs 
during  service,  owing  to  changes  in  solubility  limits  with  tem- 
perature. In  thermal  cycling,  for  example,  components  go  in  and 
out  of  solution.  Even  in  a steady  temperature  gradient,  the 
composition  of  a single  phase  may  become  inhomogeneous. 
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Tlnklepaugh  was  dubious  about  the  limitations  of  ceramic 
matrlx/cerarnlc  fiber  composites  "because  they  are  still  brittle." 

Vlechnickl,  thinking  of  CMC  grown  in  situ,  concluded  that 
a principal  reason  for  the  minimal  activity  in  the  area  was  that 
the  gain  in  Improved  mechanical  properties  of  such  a system  did 
not  Justify  the  difficult  technology,  that  is,  high  temperature 
of  melting,  unsuitable  crucible  materials,  loss  by  volatilization 
of  the  melt,  great  shrinkage  with  freezing,  and  faceted  growth. 
Moreover,  the  product  typically  offers  unexciting  resistance  to 
thermal  shock. 

In  view  of  the  current  practice  of  industrial  design,  Warren 
looks  upon  the  structural  use  of  CMC  as  "a  last-resort  solution." 
High-cost,  brittleness,  poor  reproducibility,  flaw  sensitivity, 
and  paucity  of  design  data  have  contributed  to  the  reluctance 
of  designers  to  consider  ceramics,  or  CMC,  for  structural 
functions . 

4 . Suggested  Improvements,  Innovations 

The  many  suggestions  for  the  Improvement  of  CMC  are  grouped 
under  (a)  General,  or  "Strategic,"  Comment;  (b)  Fabrication  and 
Processing;  (c)  Special  Materials;  (d)  Strengthening,  Toughening. 

a.  General,  or  "Strategic,”  Comment.  Bradt  advised  that 
one  should  be  concerned  with  the  fundamentals  of  structure/ 
property  relationships.  In  similar  vein,  Wang  maintained  that 
only  full  attention  to  the  topology  of  the  component  phases 
would  bring  composites  into  their  proper  place  in  engineering. 

Courtney,  to  whom  improved  fracture  toughness  was  the 
limiting  need  of  ceramics,  advised  the  study  of  (1)  CMC  with 
soft  and/or  ductile  inclusions;  (2)  ceramlc/metal  in  situ  systems 
of  either  fibrous  or  lamellar  morphology  directionally  solidified, 
and  (3)  ceramlc/ceramlc  systems  directionally  solidified  in  situ. 
Hllllg  likewise  recommended  the  attempt  to  achieve  a desirable 


relnforcement/mlcrostructure  through  in  situ  reaction.  Hilllg 
also  insisted  that  attention  be  given  to  the  perfection,  the 
stability,  and  the  protection  of  the  interphasal  interface, 
and  to  the  coupling  between  matrix  and  reinforcing  phase(s). 
Hasselman  thought  that  one  could  Improve  resistance  to  thermal 
stress  by  control  of  thermal  conductivity. 

To  some  respondents,  the  morphology  of  the  composite  was 
of  surpassing  Importance.  Urban  suggested  a sandwich  of  long, 
parallel  fibers  of  AI2O2  between  sheets  of  Al^O^,  the  inter- 
stices then  being  filled  with  a refractory  metal  or  oxide. 
Steinberg,  with  his  mind  on  the  leading  edge  of  the  space 
shuttle,  was  inclined  to  put  this  trust  in  any  sort  of  ablating 
or  subliming  structural  system  made  up  of  a porous  bonded-ceramic 
structure.  Impregnated  with  an  organic  material  which  when 
heated,  would  char  gassily.  McMillan  thought  that  one  would  do 
well  to  imitate  the  structure  of  wood  and  bone. 

b.  Fabricating  and  Processing.  A number  of  respondents 
proposed  novel  modes  of  fabrication.  DeVries  wondered  whether 
a composite  might  be  built  up  as  a series  of  thln-film  layers, 
possibly  epitaxial.  Graham,  citing  the  reported  preparation 
of  equlaxed  grain  structures  by  chemical  vapor  deposition  (manu- 
facturers identified),  concluded  that  CVD  was  a first-class 
candidate  among  methods  for  fabrication  of  CMC.  Herman  enthu- 
siastically advocated  the  trial  of  plasma  spraying  for  fabri- 
cation. Ordway  suggested  that  a matrix  (Initially  glassy  for 
ease  of  fabrication)  could  be  finished  as  crystalline  by  subse- 
quent devitrification. 

McGee  proposed  the  addition  of  the  matrix  (presumably,  to 
a reinforcement  already  in  place)  by  the  casting  of  a melt,  by 
chemical  infiltration,  or  even  by  CVD.  With  greater  detail, 
Paquette  endorsed  fabrication  by  liquid  or  gaseous  infiltration 
or  impregnation,  but  he  also  saw  probable  economy  in  the  prep- 
aration of  ceramic  bodies  through  pyrolysis  of  organic  precursor 


polymers.  Probst  et  al.  suggested  burying  fibers  of  In 

silicon,  then  nitriding  to  produce  a reaction-sintered  silicon 
nitride  reinforced  by  alumina  fibers. 

Smyth  averred  that  one  could  cast  a fused  ceramic  refrac- 
tory at,  say,  2000°C,  about  reinforcing  wires  of  a refractory 
metal,  e.g.,  molybdenum.  Wirtz  recognized  the  prosaic  cosin- 
tering of  matrix  and  reinforcements,  but  he  preferred  to  pre- 
cipitate the  reinforcing  metal  or  ceramic  from  a ceramic  matrix 
or,  "more  elegantly,"  to  deposit  both  phases  by  eutectic  solidi- 
fication of  an  appropriate  melt. 

Confining  his  attention  to  ceramic/metal  composites,  Chak- 
lader  recommended  coating  the  ceramic  particles  with  metal 
before  the  unifying  step  of  sintering  or  hot-pressing.  He  had 
found  that  energetic  milling  of  the  ceramic  particles  before 
fabrication  was  beneficial.  He  also  thought  that  thermite 
reactions  could  be  adapted  to  the  deposition  of  the  reinforcing 
metal,  and  to  the  fabrication  of  the  composite  body. 

Quite  alone  in  his  assumption  of  the  general  viewpoint  of 
management,  Duga  advised  that,  after  development,  the  leap  from 
laboratory  to  production  must  be  attended  by  confidence  in  the 
testing  methods  employed  for  quality  control.  In  other  words, 
successful  production  must  be  guided  by  quality  control  which, 
in  turn,  rests  upon  reliable  testing. 


c.  Special  Materials.  Wang  thought  that  the  effective 
infrared  transmitter,  Ag^AsS^,  which  is  mechanically  weak,  might 
become  valuable  if  built  into  a composite  with  a ceramic  matrix 
which  also  exhibited  passable  IR  transmission,  e.g.,  MgO  or 


Cutler  reported  that  he  could  produce  inexpensive  whiskers 
of  Sic  from  clay,  and  that  he  would  welcome  the  discovery  of 
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d.  Strengthening.  Toughening.  Recognition  of  the  need 
for  enhanced  toughness  prompted  several  thoughful  suggestions. 
Bradstreet  conceived  a CMC  with  a reinforcing  phase  of  extremely 
high  strength,  and  with  a layer  of  ductile  metal  at  the  matrix- 
relnfor.cement  interface  for  effective  transfer  of  stress.  Less 
definltl’’-ely , he  Indicated  conviction  that  there  was  virtue  in 
crack  arrest  on  a microscopic  scale.  Also  writing  with  a broad 
pencil,  McMillan  declared  that  the  road  to  toughness  would  pass 
through  a thicket  called  "mlcrostructural  complexity."  With 
more  specific  reasoning,  Chapman  maintained  that  aligned  particles 
of  a second  phase  offered  promise  as  barriers  to  crack  propaga- 
tion, and  McLean  thought  that  preferred  orientation  of  reinforc- 
ing fibers  might  be  of  paramount  importance.  A quite  different 
approach  was  that  of  Cline  and  Rice,  who  suggested  the  purpose- 
ful addition  of  hard  particles  for  initiating  microcracks  that 
would  blunt  potentially  destructive  cracks  and  thus  deter  their 
propagation . 

The  concept  of  providing  toughness  through  the  presence  of 
a component  that  is  subject  to  a strain-induced  transformation 
was  presented  by  both  Diness  and  Hilllg.  Both  were  thinking 
of  systems  in  which  partially  stabilized  Zr02  was  a disperse 
phase,  subject  to  the  tetragonal-to-monoclinic  transformation 
when  adequately  strained. 

Overlooking  little,  Kirchner  suggested  all  three  of  the 
principal  means  of  augmenting  fracture  toughness:  introduction 
of  small  particles  as  barriers  to  crack  propagation,  enhance- 
ment of  microcracking,  and  provision  for  strengthening  by  phase 
transformation . 

Tressler  proposed  to  strengthen  by  increasing  the  fracture 
energy,  but  he  did  not  say  how  the  improvement  might  be  accom- 
plished . 

Duckworth  summed  up  wide  knowledge  in  few  words.  To  in- 
hibit initiation  of  fracture,  ensure  tight  bonding  at  interfaces 


between  the  matrix  and  a reinforcement  of  higher  strength  and 
elastic  modulus.  To  Inhibit  propagation  of  cracks,  ensure 
that  the  fracture  surface  energy  will  Increase  as  cracking 
starts,  e.g.,  by  crack  branching,  by  plastic  flow,  or  by  fiber 
pullout.  The  prevention  of  catastrophic  failure  by  the  Incor- 
poration of  crack  arresters,  with  attendant  weakening  of  the 
ceramic  matrix,  requires  that  one  accept  the  Initiation  of 
damage  at  a lower  stress  than  that  at  which  the  unreinforced 
ceramic  would  remal.  Intact. 

D.  NONTECHNICAL  COMMENT 

The  comments  of  this  section  can  appropriately  be  divided 
Into  (1)  History,  Administration,  (2)  Recommendations  for  R&D, 
and  (3)  Prospects. 

1 . History,  Administration 

Blachere  was  Impressed  that  much  of  the  early  work  on  CMC, 
e.g.,  with  metallic  fibers,  was  apparently  hasty,  and  that 
some  of  the  promising  results  were  forgotten.  On  the  basis  of 
long  observation  of  CMC  endeavor  In  Government,  Bradstreet 
remarked  that  the  prior  effort  was  doomed  by  blunders  of  manage- 
ment, primarily  stipulating  that  "available"  materials  be  used, 
and  falling  to  demand  adequate  Information  on  the  materials 
during  the  planning  stage.  The  programs  were  further  hampered 
by  Inadequate  funding,  by  prejudicial  pessimism  In  DoD  and  In 
NASA,  and  by  a narrow  view  of  the  potential  utility  of  CMC 
(l.e.,  only  for  refractoriness  and  wear  resistance). 

Thinking  of  limited  expenditures  for  research  In  ceramics, 
Bersch  expressed  the  opinion  that  R&D  on  CMC  should  be  funded 
from  the  more  generous  provision  for  composites.  Bradstreet 
thought  that  the  planning  of  any  "rational  program"  should  be 
guided  by  a permanent  advisory  committee.  Probst  was  convinced 
that  one  could  not  proceed  far  Into  a CMC  program  without 


comparing  the  projected  cost  of  the  product  with  the  predicted 
need,  or  market. 

Dlness  reported  that  ONR  was  thinking  of  holding  a work- 
shop on  toughening  mechanisms  In  ceramics. 

2 . Recommendations  for  R&D 

A strong  proponent  of  basic  research  on  CMC  was  Sato.  Noting 
the  lack  of  fundamental  knowledge  of  such  materials,  he  Insisted 
that  basic  research  was  urgently  needed,  along  with  developmental 
research  and  the  study  of  processing.  In  the  same  mood,  Searcy 
declared  that  the  chemical  and  microstructural  effects  of  ther- 
mal cycling  should  receive  "sophisticated  and  coordinated  study." 
Likewise,  Hllllg  urged  that  "emphasis  should  be  on  systems  that 
make  sense  theoretically";  that  materials  work  should  be  combined 
with  theory,  lest  the  effort  be  mainly  productive  of  wishful 
thinking . 

Both  Doremus  and  Ordway  were  firm  in  the  opinion  that  the 
best  R&D  program  would  proceed  as  an  effort  to  solve  an  actual 
problem,  rather  than  as  a general  development  of  materials; 
that  one  should  Identify  specific  applications,  and  let  them 
guide  the  work.  With  equal  but  opposite  emphasis,  Russell 
maintained  that  an  orderly  program  of  materials  development 
would  be  preferred  to  one  that  was  directed  toward  "a  specific 
and  difficult  application." 

Stepping  slightly  aside  from  the  defined  field  of  Interest, 
Rice  opined  that  some  nonmechanical  applications,  e.g.,  acoustic, 
optical,  or  electric  functions,  may  be  of  equal  or  greater 
promise  than  are  structural  uses. 

Chapman,  who  should  know,  pointed  to  the  paucity  of  research 
on  the  unidirectional  solidification  of  all-ceramic  systems. 

He  suggested  that  some  oxide/oxide  composites  may  have  potential 
for  high-temperature  structural  service.  With  closely  similar 


reasoning,  Tressler  recommended  the  study  of  directionally 
solidified  ceramic  eutectics  and  ceramlc/metal  eutectics,  and 
added  a suggestion  for  analogous  exploration  of  very  high- 
temperature  eutectoids. 

3.  Prospects 

Opinions  expressed  about  the  outlook  for  ceramic-matrix 
composites  were  hardly  rosy.  Writing  of  a type  of  composite 
that  has  received  considerable  attention,  Burke  took  a dim  view 
of  any  continuous-phase  ceramic  containing  dispersed  wires  or 
other  shaped  metallic  phase.  Tressler  was  no  more  hopeful  for 
the  concept  of  strengthening  ceramics  with  high-strength  fibers 
of  glass  or  other  ceramic  to  make  a body  for  high-temperature 
service;  he  warned  of  degradation  of  the  fibers  during  either 
fabrication  or  service.  Tallan  acknowledged  little  enthusiasm 
for  the  Sl^Ni^/metalllc  fiber  systems  that  his  group  has  evalu- 
ated. He  Judged  that  CMCs  would  be  at  their  best  in  service 
wherein  they  bore  no  load,  and  had  to  tolerate  only  limited 
thermal  shock. 

Brown  said,  bluntly,  that  many  CMCs  "Just  are  not  practical 
Like  Tressler,  he  knew  the  danger  of  unfavorable  alteration  of 
properties  during  processing.  Krochmal,  who  considered  the 
development  of  a useful  structural  CMC  to  be  a "very  difficult 
possibility,"  thought  the  outlook  bleak  when  he  reviewed  the 
field  in  1967,  and  seemed  of  the  same  opinion  in  1977. 

Probst  et  al.,  not  altogether  pessimistic,  thought  it  dif- 
ficult to  estimate  the  potential  of  CMC  unless  one  had  in  mind 
a specific  application,  for  which  all  conditions  were  defined. 
Warren  Judged  that,  because  we  are  accustomed  to  "a  ductile 
world,"  the  structural  use  of  CMCs  will  not  come  about  until  de- 
signers have  learned  to  think  of  themselves  in  "a  brittle  world. 

Davidson  believed  in  a structural  future  for  CMCs,  and  he 
had  hope  that  the  reliability  of  such  systems  could  be  brought 
to  levels  that  would  satisfy  the  design  engineer. 
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IV.  SUMMARY  OF  WORKSHOP  DISCUSSIONS 

A workshop  to  explore  the  state  of  technology  and  potential 
applications  of  ceramic-matrix  composites  was  held  at  IDA  on 
8-9  September  1977.  The  attendance  was  made  up  of  about  15 
scientists  and  engineers  who  represented  government,  univer- 
sities, Industry,  and  research  institutes.  However,  the  par- 
ticipants were  not  picked  by  affiliation  but  rather  by  their 
recent  interest  and  activity  in  the  specific  field  of  ceraiiiic 
composites.  In  this  way,  little  general  background  coverage 
was  required  and  the  workshop  could  get  right  down  to  specifics. 

The  full  workshop  lasted  for  1 1/2  days.  The  subject  matter 
covered  is  outlined  in  Appendix  A,  which  Includes  copies  of 
pertinent  vugraphs  and  slides  used  in  presentations.  No  formal 
papers  were  requested  of  the  speakers  since  the  purpose  was  to 
hold  discussions,  not  a colloquim. 

Immediately  after  the  end  of  the  workshop,  a small  review 
panel  met  separately  to  critique  the  workshop  proceedings.  This 
panel  was  made  of  Arden  L.  Bement  (DARPA),  Winston  Duckworth 
(Battelle),  Robert  A.  Lad  (NASA-Lewls)  and  the  authors.  This 
meeting  was  taped  and  a reorganized  and  edited  version  of  the 
tape  transcript  is  given  in  the  following  material. 

A.  PHILOSOPHIC  CONSENSUS 

With  apparent  unanimity,  the  panel  agreed  that,  in  the 
promotion  of  the  Infant  field  of  ceramic-matrix  composites  (CMC), 
an  early  step  must  be  to  identify  appropriate  applications. 

Once  a useful  application  is  recognized,  need  will  then  guide 
the  endeavor  to  the  necessary  developmental  research,  as  well 
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as  to  any  basic  research  that  still  Is  required.  In  this  vein, 
the  concept  of  the  Inverted  pyramid  was  offered:  one  might 
begin  at  the  apex  with  basic  research,  and  work  toward  appli- 
cation and  eventual  production  at  the  broad  base;  but,  during 
that  progression,  recognition  of  valuable  potential  applications 
would  reveal  that  specific  researches  had  yet  to  be  done  before 
development  could  successfully  be  completed.  A corollary  of 
that  reasoning  is  that  one  must  beware  of  plunging  into  develop- 
ment before  the  essential  fundamental  knowledge  is  at  hand,  or 
before  adequate  research  has  been  done. 

On  the  other  hand,  it  is  difficult  to  excite  users  or 
designers  to  give  any  encouragement  to  the  support  of  basic 
research  before  the  promising  performance  of  a primitive 
product  has  been  realized.  If  one  can  demonstrate  the  validity 
of  a concept,  and  thus  can  tie  a research  program  to  a specific 
end  use,  then  funding  for  the  necessary  basic  research  will 
more  probably  be  obtained. 

B.  DESIGN,  DATA  BASE,  AND  PROGRESS  OF  TECHNOLOGY 

Heretofore,  more  R&D  effort  has  been  exerted  on  CMCs  at  the 
processing/property  Interface  than  at  the  design/property  inter- 
face. The  designer  must  become  more  actively  Involved.  He, 
working  with  the  materials  engineer,  must  determine  the  rules 
of  design,  and  whether  the  available  data  base  is  significant 
for  a selected  application.  Without  valid  date  and  without 
such  cooperation,  it  is  fruitless  to  ask  the  designer  to  design 
for  brittle  CMCs. 

The  decision  to  use  a CMC  for  a given  purpose  might  be 
based  upon  one  of  the  following  reasons:  (1)  the  Job  could  be 
done  in  no  other  way;  (2)  the  consequent  technology,  or  perhaps 
simplicity  of  design,  would  eliminate  some  muddling  procedures; 
(3)  the  cost  of  manufacture  would  be  reduced  through  the  use 
of  the  special  material  or  an  advanced  design.  Before  offering 


a CMC  as  a replacement  for  another  material  In  an  existing 
technology,  one  should  learn  the  weaknesses,  if  any,  of  the 
material  currently  in  use. 

Substitution  by  CMCs  will  be  highly  rewarding  whenever  it 
eliminates  or  substantially  diminishes  a requirement  for  cooling, 
or  permits  operation  at  a higher  t-emperature  than  had  been  pos- 
sible. A successful  CMC  substitute  for  Sl^N^^  or  SiC  in  the 
ceramic  gas  turbine  would  provide  a favorable  cost/benefit 
ratio,  although  the  material  might  have  to  be  coated  or  other- 
wise protected  against  the  combustion  gases.  A composite 
possessing  significant  damping  capacity  might  well  be  superior 
to,  the  monolithic  ceramic  blades  of  the  Garrett  engine,  which 
seem  to  be  subject  to  failure  by  vibration. 

C.  APPLICATIONS 

On  the  problem  of  identifying  applications,  the  panel 
seemed  to  agree  that,  besides  discerning  that  a particular  CMC 
would  appropriately  fulfill  a recognized  need,  one  might  also 
perceive  potential  uses  that  would  exploit  the  estimable 
properties  of  an  available  CMC.  Possible  applications,  more- 
over, could  be  grouped  into  three  technical  categories: 

(1)  improvements  on  existing  ceramic  components;  (2)  existing 
technology  that  requires  better  materials  (but  here,  again, 
one  must  be  certain  of  what  is  now  unsatisfactory);  and  (3)  new 
engineering  concepts. 

The  specific  applications  that  were  mentioned,  and  were 
sometimes  discussed  at  length,  ranged  from  uses  that  have 
already  been  brought  into  practice  to  others  that  barely  sur- 
pass the  status  of  speculative  suggestion.  Thus,  it  was  firmly 
noted  that  both  the  heatshleld  and  the  external  thermal  insu- 
lation of  the  still-developing  space  shuttle  are  ceramic-matrix 
composites,  whereas  the  use  of  CMCs  for  enhanced  fire  protection 
in  aircraft,  in  general,  was  merely  a suggested  possibility. 


Reinforced  concrete  was  strongly  recommended  as  of  great 
potential  value  to  the  DoD,  for  example,  In  the  hasty  construc- 
tion of  aircraft  runways  over  an  Inadequately  prepared  subgrade; 

In  the  repair  of  bomb  craters;  In  the  building  of  certain  types 
of  boats  and  barges. 

The  promise  of  dimensional  stability  led  to  the  suggestion 
of  CMCs  for  the  substrate  of  large  mirrors,  particularly  those 
comprised  by  optical  systems  serving  In  space.  Likewise,  radomes, 
which  require  strength,  erosion  resistance,  dimensional  stability, 
as  well  as  transparency  to  electromagnetic  radiation,  were  a 
suggested  application. 

Several  applications  that  were  discussed  had  to  do  with 
the  storage  or  the  conversion  of  energy.  It  seemed  obvious 
that  a flywheel  of  lightweight  CMC,  If  of  sufficient  tensile 
strength,  would  excel  any  metallic  wheel  In  the  storage  of 
energy,  because  of  the  higher  rotational  velocity  that  would 
be  possible.  In  the  now-developing  gas  turbine  built  of  ceramic 
components,  turbine  blades  of  the  stator,  made  of  Sl-SlC,  have 
done  well  In  tests,  but  the  rotor  Is  still  In  question:  no 
ceramic  or  CMC  of  adequate  tensile  strength  at  the  target  tem- 
perature has  yet  been  developed.  In  such  engines'  combustors, 
however,  SIC  Is  already  In  use,  and  a CMC  of  appropriate  design 
might  be  even  more  successful.  It  was  suggested  that  a glass- 
matrix  composite  might  well  be  satisfactory  In  the  compressor 
fan  of  the  gas  turbine,  although  certainly  not  In  the  hotter 
zones  of  the  engine. 

Reciprocating  engines  offer  a number  of  possible  applica- 
tions for  CMCs.  In  the  diesel,  monolithic  ceramics  are  presently 
under  test  as  cylinder  sleeves,  piston  caps,  and  components  of 
the  cylinder  head.  A major  potential  advantage  of  the  nonmetal- 
11c  members  Is  that  they  will  require  little.  If  any,  cooling. 

The  question  remains,  of  course,  whether  CMCs  could  provide  any 
cost/benefit  advantage  over  the  monolithic  materials.  The 
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Stirling  engine,  long  known  but  not  yet  significantly  used,  was 
named  as  an  especially  promising  beneficiary  of  structural 
ceramics  and,  therefore,  possibly  of  CMCs.  The  potential  for 
the  use  of  CMCs  as  bearings  in  propulsion  systems  was  emphat- 
ically cited.  Indeed,  a fairly  wide  use  of  CMCs  for  the  saving 
of  weight  by  the  automotive  industry  was  foreseen. 

A critical  function  mentioned  as  a possible  application 
for  CMCs  was  that  of  nozzles  for  chemical  lasers,  especially 
those  to  be  used  in  space.  Their  use  would  obviate  the  weighty 
equipment  necessary  for  cooling  the  currently  used  nickel; 
they  could  also  operate  at  a higher  temperature,  and  thus  with 
greater  efficiency  than  is  now  feasible.  They  must  tolerate 
fluorine,  to  which  no  material  seems  inert  at  the  operating 
temperature  (about  2000°F);  but,  inasmuch  as  the  total  period 
of  service  is  probably  less  than  an  hour,  some  reaction  is 
acceptable . 

Experiments  on  ceramic  liners  for  gun  tubes  are  under  way, 
and  somewhat  more  work  has  been  done  on  rocket  motors.  Here, 
again,  CMCs  may  be  as  good  as  or  better  than  the  monoliths. 

Much  R&D  remains  to  be  done.  Likewise,  the  future  role  of  CMCs 
in  lightweight  armor  remains  in  doubt. 

D.  SYSTEMS  AND  MATERIALS 

Little  attention  was  given  to  materials  themselves.  The 
question  of  availability,  particularly  of  strategic  materials, 
was  once  raised,  but  the  reply,  which  stood  unchallenged, 
maintained  that  availability  is  a function  of  price,  that  even 
strategic  materials  can  be  obtained  if  the  price  is  high  enough, 
so  that  no  absolute  shortage  of  materials  exists. 

The  panel  talked  at  length  about  significant  or  critical 
properties  to  be  sought  in  CMCs,  tut  they  discussed  only  a minor 
fraction  of  the  many  specific  systems  that  have  elsewhere  (the 
survey)  been  suggested  for  identified  applications,  or  for 


further  R&D.  High  on  the  list  of  critical  properties  was 
dimensional  stability,  recognizable  as  minimum  thermal  expan- 
sivity in  the  temperature  range  of  service.  If  not  isotropic 
in  that  characteristic,  the  system  should  at  least  be  symmetric 
in  two  dimensions.  Other  bases  proposed  for  separating  success- 
ful from  unsuccessful  systems  included  stoichiometry,  toughness 
(whatever  that  is),  and  micromechanical  attributes;  the  need 
for  toughness  was  repeatedly  emphasized.  Further  promise  of 
success  was  said  to  lie  in  the  possession  of  temperature  toler- 
ance (i.e.,  refractoriness)  or  a high  strength-to-welght  ratio. 

But  it  was  also  emphatically  averred  that  the  most  useful 
system  for  a given  service  would  often  be  one  that  offered 
something  more  than  structural  reliability,  providing  instead 
one  or  more  valuable  physical  properties  (e.g.,  thermal  con- 
ductivity, piezoelectric  character,  thermionic  emission) 
combined  with  strength,  refractoriness,  and  the  like. 

The  group  favorably  regarded  Rice's  concepts  for  increasing 
fracture  toughness  without  decreasing  fracture  strength.  One 
of  his  ideas  was  to  ensure  homogeneity  of  microstructure. 

Another  was  to  augment  toughness  by  providing  small  particulate 
inclusions  (small  with  respect  to  representative  flaw  size), 
closely  spaced,  to  deter  crack  propagation  through  "line  tension" 
at  the  leading  edge  of  the  crack. 

In  a further  discussion  of  the  role  of  microstructure  and 
mlcromechanlcs  of  CMCs,  subcrltical  crack  growth,  which  is  ever 
a threat  to  materials  serving  under  stress  at  high  temperatures 
(e.g.,  tht  Garrett  engine  at  2250°F),  was  explained  as  accom- 
plished through  grain-boundary  sliding,  which  generated  "essen- 
tially Zener  cracks"  at  triple  points. 

In  yet  another  reference  to  the  importance  of  microstructure, 
it  was  maintained  that  CMCs  probably  have  significant  potential 
for  service  at  unlubricated  points  in  machines  rotating  at  very 
high  speeds  (e.g.,  the  Garrett  engine  again);  that,  whereas  the 


46 


r 


life  of  the  materials  presently  used  greatly  depends  upon  the 
attainment  of  a highly  polished  surface,  a properly  chosen  CMC 
system,  with  appropriate  control  of  microstructure,  might  make 
unnecessary  most  of  the  now  indispensable  polishing. 

Specific  categories  of  systems  mentioned  covered  a wide 
range  of  temperatures.  We  have  CMCs  for  use  at  atmospheric 
temperatures  (e.g.,  reinforced  concrete),  for  elevated  temper- 
atures (glass-matrix  composites),  for  high  temperatures  (silicon 
nitride),  and  for  very  high  temperatures  (carbon/carbon,  and 
carbon/metallic  carbide).  Reinforced  glass  was  Judged  probably 
advantageous  over  composites  with  an  epoxy  matrix  for  Inter- 
mediate temperatures,  because  the  epoxy  is  sensitive  to  water; 
it  is  softened  by  a laser  beam;  and  its  expansivity  is  a major 
problem.  Moreover,  the  glass-matrix  composite  can  be  hot-formed. 

Reinforced  concrete,  of  course,  is  already  used  in  enormous 
tonnage,  yet  It  might  well  be  substantially  Improved  through 
research.  For  hlgh-temperature  service,  refractory  concrete 
reinforced  by  stainless  steel  wires  is  in  use,  the  wires  serving 
principally  as  crack  arresters. 

The  system  Si-SlC,  If  the  Si  is  held  to  the  range  of  5-10 
percent.  Is  promising  for  service  at  rather  high  temperatures; 
but  the  Si  will  creep  If  the  system  is  used  under  stress  at  a 
temperature  approaching  the  melting  point  of  Si,  2570°P.  [By 
way  of  a marginally  appropriate  comparison.  It  was  reported 
that  hot-pressed  silicon  nitride  shows  no  creep  at  2250®F.] 

The  external  thermal  Insulating  panels  on  the  space  shuttle 
were  said  to  be  made  of  silica  fibers  in  an  oxide.  The  compo- 
sition was  not  more  precisely  given,  and  was  thought  probably 
proprietary . 

Aluminum  nitride  was  mentioned  as  very  interesting,  but  no 
one  proposed  a composite  system  of  which  AIN  would  be  a component. 


E. 


FABRICATION 


CMCs  are  often  made  by  use  of  classic  ceramic  techniques 
for  the  compaction  of  powders  with  reinforcing  particles  or 
fibers:  (1)  cold-pressing,  followed  by  sintering;  (2)  hot- 

pressing;  or  (3)  hot  isostatlc  pressing.  A variation  on  press- 
ing is  explosive  forming  in  which  the  employment  of  a graded 
powder  was  said  to  help  to  absorb  the  energy  of  the  shock  wave 
and  to  prolong  the  period  of  high  pressure  ("high-pressure 
dwell  time"). 

It  was  emphasized  that  the  assembly  of  dissimilar  materials 
in  the  above  manner  is  usually  best  done  at  the  lowest  feasible 
temperature  so  that  damage  of  the  components  by  high-temperature 
reaction  may  be  avoided.  In  any  event,  the  movement  or  trans- 
fer of  materials,  whether  in  the  initial  combination  or  in  a 
subsequent  processing,  and  the  related  control  of  dimensions, 
are  always  critical  considerations. 

For  a limited  number  of  systems,  a sol-gel  source  for  at 
least  one  material  may  be  utilized.  When  the  gel  is  dried,  it 
may  be  reduced  to  powder  (or  spherical  granules).  The  necessary 
chemistry  is  often  intricate  but  that  impediment  is  largely 
compensated  by  the  simplified  chemical  engineering  and  handling. 
Any  impurities  present  are  not  segregated  but  are  almost  atom- 
ically dispersed.  There  are  no  concentration  gradients,  and  no 
contaminating  comminution  is  required.  Final  processing  is 
accomplished  by  conventional  techniques. 

The  preparation  of  microcomposites  by  directional  solidi- 
fication of  eutectic  melts,  a scientifically  fascinating  tech- 
nique, was  Judged  to  be  of  limited  applicability.  If  the  fibrous 
component  is  a refractory  metal,  the  system  will  have  poor 
resistance  to  oxidation.  With  a suitable  nonmetallic  fiber, 
the  threat  of  oxidation  could  be  avoided,  but  the  consensus 
was  that,  for  any  system  of  this  type,  scale-up  to  practice 
would  be  very  difficult. 


48 


The  several  techniques  for  fabrication,  machining,  etc., 
of  CMCs  are  usually  available,  but  economic  feasibility  often 
determines  the  choice  (and  the  exclusion)  of  techniques;  whether 
preparation  shall  be  done,  for  example,  by  sintering,  by  chemical 
vapor  deposition,  or  by  explosive  forming;  and  how  much  machin- 
ing shall  be  done,  and  whether,  e.g.,  ultrasonically  or  by 
diamond  grinding. 

The  workshop  brought  out  a better  understanding  of  fracture 
surface  energy,  and  of  how  that  entity  is  affected  by  micro- 
structure and  by  a second  phase — hence,  by  fabrication. 

In  the  discussion  of  fabrication,  it  was  more  fully  brought 
out  (see  Systems  and  Materials  in  Section  D above)  that  control, 
not  only  of  constitution,  but  of  microstructure  as  well,  may 
permit  the  fabrication  of  bearing  surfaces  without  all  the 
grinding  and  surface  preparation  heretofore  required. 

Strengthening  of  certain  systems  may  be  done  by  application 
of  compressive  force,  e.g.,  in  machining,  to  induce  transforma- 
tion in  the  surficlal  layer  of  one  component.  It  was  suggested 
that  ion-implantation,  for  which  equipment  will  soon  be  commer- 
cially available,  could  do  much  the  same  thing. 

F.  SOME  COMMENTS  ON  R&D 

A few  of  the  topics  discussed  by  the  panel  on  general  R&D 
problems  deserve  attention. 

1.  Defining  research  problems  for  investigation  requires 
the  establishment  of  alms.  A substantial  part  of  ful- 
filling that  requirement  consists  of  learning  the  cus- 
tomers' needs;  that  is,  see  what  the  applications 
people  want. 

2.  The  panel  clearly  agreed  that  the  aim  of  basic  research 
is  to  generate  understanding.  To  formulate  a good 
fundamental  research  program  is  to  identify  some  prin- 
cipal areas  that  are  Judged  to  be  potentially  useful. 
Several  such  specific  subjects  follow. 


a.  How  much  effort  should  be  devoted  to  the  derivation 
of  phase  diagrams?  (The  need  for  such  Information 
frequently  surfaced  during  both  the  workshop  and  the 
critical  review  thereof.)  Such  a program  was  ad- 
judged most  likely  to  be  approved  for  funding  If 
specific  practical  needs  could  be  demonstrated. 

The  best  approach  was  thought  to  be  to  Identify 
small  critical  points  of  constitution  for  which 
knowledge  Is  lacking,  and  to  seek  support  for  these 
narrow  areas  which  Impede  progress. 

b.  The  mechanisms  whereby  fracture  surface  energy  may 
be  Increased  are  poorly  understood.  While  that 
lack  of  understanding  endures,  progress  In  the 
field  will  be  confined  to  the  fruits  of  trial  and 
error . 

c.  Test  methods,  based  upon  fundamental  principles, 
are  needed  for  CMCs  exhibiting  toughness.  How 
does  one  analyze  such  a fracture? 

d.  Presently  available  methods  of  mathematical  analysis 
of  the  propagation  and  reflection  of  an  elastic  wave 
In  armor  are  said  to  be  quite  Inadequate  for  the 
treatment  of  data  and  the  prediction  of  behavior 

of  projectiles  In  an  ongoing  penetrator  program. 

The  same  weaknesses  should  apply  to  any  macro- 
mechanical  study  of  CMCs. 

Two  subjects  were  suggested  as  appropriate  for  work 

directed  toward  specific  application. 

a.  Uses  should  be  sought  for  f Iber-relnforced  glass. 

b.  The  field  of  radomes  and  IR  domes  seems  a promising 
one  for  ceramic  and  CMC  research. 


V.  FINAL  ASSESSMENTS  AND  RECOMMENDATIONS 


A.  ASSESSMENT  OF  FINDINGS 

Previous  sections  of  this  paper  have  attempted  to  summarize 
the  views  expressed  In  the  literature  (or  In  private  discussions) 
concerning  ceramic-matrix  composites,  the  views  expressed  by 
the  respondents  to  a broad  survey  of  ceramic  scientists  and 
engineers,  and  the  deliberations  of  the  CMC  Workshop.  We  shall 
now  attempt  to  condense  this  Information  and  assess  It  In  the 
context  of  the  task  objectives.  To  a certain  extent  It  is 
recognized  that  some  of  the  statements  made  herein  are  asser- 
tions or  opinions,  especially  since  there  have  been  few,  if 
any,  detailed  applications  tradeoff  studies.  However,  it  should 
be  quickly  reemphasized  that  these  are  not  the  assertions  of  the 
authors,  alone,  but  include  critical  consideration  of  the 
opinions  of  the  technical  community.  In  the  case  of  structural 
ceramic-matrix  composites,  it  is  not  a matter  of  assessing  the 
efficacy  of  what  the  DoD  is  presently  doing;  essentially,  there 
is  no  ongoing  DoD  program  of  sufficient  size  to  warrant  a 
critique.  Rather,  then,  what  Is  being  done  is  to  assess  the 
future  potential  of  CMCs , starting  from  practically  a zero 
present  applications  base,  which  must  necessarily  Involve 
educated  opinions  as  the  initial  step. 

1 . Potential  Usefulness  of  CMCs  to  DoD  Systems 

The  potential  DoD  applications  Interest  In  CMC  material 
systems  Is  very  broad.  Including  every  area  where  structural 
ceramics  are  of  interest  and  some  where  monolithic  ceramics 
would  not  even  be  considered.  While  prior  discussions  in  this 


paper  have  divided  the  application  potential  according  to  tem- 
perature scale,  here  the  division  will  be  on  a short-term  (5 
years  or  less)  and  a long-term  usefulness.  This  Judgment,  of 
course,  is  intertwined  with  the  following  section's  assessment 
of  technology  status. 

a . Short-Term  (<5  years)  Applications 

Seeker  Domes.  Many  of  the  present  radomes  are  made  of 
slip  cast  fused  silica  which  presents  problems  in  both  Integrity 
and  rain  erosion.  There  has  been  past  work  on  quartz  filament- 
wound  silica  materials  which  showed  promise.  Whether  silica 
is  sufficient  is  open  to  question,  but  a strong  composite 
effort  would  seem  reasonable. 

RV  Antenna  Windows.  Present  quartz/silica  or  boron 
nitride/boron  nitride  are  marginal  performers,  as  pointed  out 
in  an  earlier  IDA  paper  (Ref.  1).  DoD  work  on  high-performance 
boron  nitride  fibers  is  almost  at  a standstill  (as  well  as  the 
composite)  and  should  be  reinvestigated  for  this  as  well  as 
other  applications. 

Concrete  Structures.  Iron  wire-reinforced  concrete  is 
almost  reaching  a commercial  stage,  particularly  through  the 
efforts  of  Battelle  on  selling  their  Wirerand®  process.  The 
DoD  (especially  the  Army  Corps  of  Engineers)  has  been  somewhat 
remiss  in  not  applying  a larger  effort  to  Investigate  the 
potential  uses  of  this  and  similar  reinforced  concrete  (or 
cement)  composites.  In  particular,  the  Navy  (in  spite  of  a 
flurry  of  effort  to  design  conventional  handwoven  and  tied 
ferrocement  boats  to  be  built  by  low-cost-labor  countries  like 
South  Vietnam  and  South  Korea)  has  not  appeared  to  have  given 
any  serious  attention  to  castable  ocean  vehicle  hulls  using 
such  composites. 


Armor  for  Kinetic-Energy  Penetrators.  The  analytical 
ability  to  predict  how  successful  armor  arrays  should  be  built 
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is  presently  very  limited.  A systematic  experimental  program 
to  empirically  outline  the  materials  systems  needed  appears  to 
be  in  order.  One  supposes,  with  some  confidence,  that  reinforced 
ceramics  (including  laminates  In  this  case)  will  have  a high 
priority.  However,  here  is  a situation  where  one  still  does 
not  know  what  the  parameters  should  be,  except  in  very  general 
terms.  The  military  systems  problem  is  quite  pressing. 

Moderately  Increased  Temperature  Gas  Turbines.  A mod- 
erate Increase  of  uncooled  gas-turbine  inlet  termperatures  to 
2000°F  (with  excursions  up  to  about  2200°F  for  short  periods) 
may  be  feasible  using  silicon  carbide  flber/sllicon  composites. 
While  obviously  not  as  exciting  as  temperatures  of  2500°F  or 
more,  such  applications  do  offer  the  promise  of  increased 
fuel  savings  and  perhaps  at  low  cost  (by  comparison  with  super- 
alloy materials).  Present  DoD  ceramic  turbine  efforts  are  con- 
centrating almost  entirely  on  the  higher  temperature  materials. 
While  this  should  be  done,  it  would  seem  that  effort  on  a near- 
term  practical  application  would  be  worthwhile.  It  would  also 
give  ceramic  use  a chance  to  walk  before  it  runs. 

Erosion-Resistant  RV  Nosetip.  This  is  a seemingly 
pressing  problem,  which  has  been  covered  in  a previous  IDA 
paper  (Ref.  1).  The  emphasis  here  is  that  the  tantalum  carbide/ 
graphite  composite  (Appendix  A,  page  A-15)  and  the  boron  carbide/ 
graphite  composite  (Appendix  A,  pages  k-kO  and  h-^2)  are  prom- 
ising enough  that  they  should  be  considered  strongly  for  applied 
system  efforts. 

Shipboard  Multifunctional  Incinerator.  An  ongoing  Navy 
6.3  program,  this  device  is  having  serious  refractory  liner 
problems  due  to  the  various  criteria  it  must  meet,  not  the  least 
of  which  is  being  usable  on  board  a ship  (Chapter  II,  Section 
D-i<).  The  Navy  is  presently  attempting  to  use  a thin  castable 
refractory  lining  either  sprayed  or  (more  usually)  troweled  in 
place.  It  would  appear  feasible  and  advantageous  to  incorporate 
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ceramic  fibers  (perhaps  alumina  or  silicon  carbide,  depending 
on  the  precise  matrix).  Here  is  a case  where  the  initial 
material  cost,  while  not  negligible,  is  not  a paramount  factor 
If  greater  relalbility  can  be  achieved.  See  also  Ref.  8. 

b.  Long-Term  (>5  year)  Applications 

Reinforced  Glass  Composites.  Although  not  yet  designed 
for  a specific  application,  this  type  of  material  now  appears 
to  have  sufficient  basic  data  to  Indicate  a high  promise  and  to 
warrant  a search  for  usefulness.  The  reader's  attention  Is 
directed  to  Appendix  A,  Section  6.  With  a density  close  to 
that  of  carbon-relnforced/polylmide  (and  much  less  than  that  of 
carbon-relnforced/aluminum) , carbon-relnforced/glass  has  a 
potential  use  temperature  of  over  1200®F  as  opposed  to  700®F- 
1000®F  for  carbon-relnforced/aluminum.  Recent  developments 
seem  to  have  alleviated  or  removed  (perhaps  with  the  use  of 
recently  developed  silicon  carbide  filaments)  the  problems  about 
oxidation  resistance  of  the  fibers  (see  Ref.  9).  The  glass 
composites  have  strengths,  toughness  and  stiffness  at  least 
equal  to  the  organic-matrix  composites,  are  potentially  as  cost 
effective,  and  have  better  water  vapor  resistance.  They  (glass 
composites)  have  the  potential  of  being  readily  hot-formed  to 
complex  structural  shapes.  This  Is  a new  class  of  advanced 
composites  which  complement  the  organic  and  metal  matrix  com- 
posites. Although  the  present  study  has  not  looked  hard  at 
detailed  applications,  such  Investigations  should  be  made.  Note 
that  elevated  temperature  use  is  not  necessarily  the  most  bene- 
ficial application.  Good  dimensional  stability  (including  low 
thermal  expansivity),  for  example,  suggests  use  In  large  space 
mirror  substrates. 

Air-Breathing  Engines.  From  a resources  standpoint, 
the  bulk  of  present  DoD  ceramics  R&D  lies  in  support  of  the 
ceramic  gas  turbine,  and  almost  all  of  this  effort  is  concen- 
trating on  silicon  nitride  and  silicon  carbide.  The  allowable 
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uncooled  turbine  Inlet  temperature  of  2500°F  is  the  temperature 
value  usually  quoted  by  propulsion  designers  as  the  dividing 
line  of  interest.  There  is  little  competition  from  concepts 
involving  metal  turbine  redesigns  at  this  temperature  and 
higher;  ceramics  have  to  be  used  and  the  benefits  from  reduced 
specific  fuel  consumption  (among  other  factors)  are  great. 

Below  this  temperature  (down  to  about  1900°P),  ceramics  would 
be  useful  but  cost  enters  in  more  strongly;  in  this  regime, 
metals  can  be  used,  not  as  well  but  perhaps  well  enough.  A 
demonstrator  test  with  a silicon  nitride  rotor  has  been  suc- 
cessfully run  for  one  hour,  at  about  50,000  rpm,  at  2500°F, 
which  shows  that  it  can  be  done.  However,  as  emphasized 
throughout  this  paper,  this  is  not  really  the  problem.  The 
question  is  whether  [through  proper  nondestructive  evaluation 
(NDE)  or  an  improved  ceramic]  the  material  components  can  do 
this  every  time  and,  of  course,  for  at  least  a duty  cycle  of 
200  hours.  In  addition,  foreign  object  impact  damage  still 
needs  much  more  attention  (although  clearly  of  greater  impor- 
tance to  a jet  engine).  Most  members  of  the  ceramic  community 
have  expressed  concern  as  to  whether  a monolithic  ceramic  can 

^ be  successful  (at  least  in  taking  full  advantage  of  ceramic 

properties)  for  this  application.  This  area  engendered  the 
largest  number  of  suggestions  where  it  was  thought  that  CMCs 
ought  to  be  researched. 

* Diesel  engine  designs  are  well  along  the  way  to  using 
ceramics  for  their  refractoriness  and  thermal  insulation,  with 
an  eye  toward  reducing  or  eliminating  cooling  requirements. 

This  goal  is  well  worthwhile  in  Itself.  However,  further  slg- 

9 nificant  advances  (particularly  in  areas  of  reduction  of  energy 

use)  can  evidently  be  made  by  making  all-ceramic  hot  moving 
parts,  thus  taking  advantage  of  the  higher  ceramic  strength-to- 
weight  ratios.  To  do  this  would  probably  require  composites, 

• but  the  design  problems  do  not  seem  to  have  been  explored  (unless 
by  the  private  automotive  firms). 
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Preliminary  designs  for  a closed-Brayton-cycle  ship 
propulsion  engine  (Chapter  II,  Section  D-2)  indicate  that  if  a 
ceramic  heat  exchanger  could  be  built  to  operate  for  long 
periods  at  2500°P,  the  specific  weight  of  the  power  plant  could 
be  reduced  by  as  much  as  a factor  of  ten.  Such  a heat  exchanger 
would  see  fossil  fuel  combustion  products  on  one  side  (an  inert 
gas  on  the  other)  and  must  run  at  this  temperature  for  about 
10,000  hours  (although  not  continuously)  without  need  for  serious 
repair.  While  a stationary  device,  the  long-term  thermal 
stresses  and  oxidation  present  extremely  difficult  problems. 

In  similar  reasoning  as  for  DOE's  (Department  of  Energy)  station- 
ary coal-fired  ceramic  power-plant  concept,  many  members  of  the 
ceramics  community  have  expressed  concern  about  long-term 
oxidation  in  silicon  nitride  and  silicon  carbide.  They  would 
feel  much  easier,  from  this  standpoint,  if  components  were 
built  of  oxide  materials  for  such  long-term  use.  However, 
oxides  would  almost  surely  have  to  be  toughened  by  compositing. 
This  is  a strong  argument  for  concentrating  some  R&D  effort  on 
oxide-matrix  composites,  especially  since  it  could  also  apply 
to  short-use-cycle-tlme  engines. 

c.  Other  Applications.  There  are  a number  of  other  less 
well-definable  CMC  applications  (see  Appendix  A,  Section  9). 

» Two  that  should  be  mentioned  here  are  ceramic  bearings  (most 

likely  silicon  nitride)  and  ceramic  gun  tube  Inserts  (probably 
alumina  or  zirconia).  Another  longer  term  use  might  be  noz- 
zles for  chemical  laser  systems. 

2.  The  Present  Technology  for  CMCs 

On  balance,  our  understanding  of  the  technology  of  most 
ceramic-matrix  composite  systems  is  increasing  although  still 
incomplete.  Generally  speaking.  Innovative  ideas  are  still 
required,  even  though  enough  about  the  basic  mechanisms  has  been 
learned  over  the  last  few  years  so  that  the  kinds  of  ideas  needed 
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can  be  fairly  well  defined.  In  other  words,  we  now  pretty  well 
know  where  we  would  like  to  go,  but  are  not  sure  of  the  best 
way  of  getting  there.  The  situation  is  not  unlike  the  very 
early  days  of  high-performance  organic  matrix  composites;  the 
potential  advantages  were  known  but  the  understanding  of  prob- 
lems in  chemistry,  physics,  and  the  mechanics  of  fabrication 
was  weak. 

Nonetheless,  there  have  recently  emerged  a few  ceramic 
composites  which  are  far  enough  advanced,  or  look  so  good,  that 
they  are  candidates  for  a 6.2  (or  even  6.3A)  effort.  In  every 
case,  as  pointed  out  above,  a deeper  application  benefit  analysi 
should  be  undertaken.  The  most  obvious  such  composite  is  fiber- 
reinforced  concrete  or  castable  refractory.  Battelle  has  de- 
veloped an  iron  wire  (chopped)  concrete  to  the  point  where  large 
scale  demonstration  efforts  on  roads  and  bridges  are  under  way. 
This,  or  perhaps  a continuous  woven  wire  variation,  could  be 
used,  as  an  example,  for  experimental  boat  hulls.  Ceramic 
fibers  (glass  or  alumina)  have  not  been  worked  on  as  much,  but 
there  is  every  reason  to  think  they  could  be  used  for  near-term 
application  where  oxidation  precludes  the  use  of  iron  (there 
may,  however,  still  be  some  problem  about  chemical  interactions 
between  glass  and  Portland  cement  on  curing) . Refractories  for 
ship  incinerators  deserve  special  attention. 

For  aerospace  uses,  tantalum  carbide  fiber-reinforced 
graphite  is  in  good  technological  shape.  Although  not  as  far 
along,  particulate  composites  of  boron  carbide  and  graphite  look 
promising.  An  immediate  application  for  either  would  be  erosion 
resistant  ballistic  reentry  vehicle  nosetips.  Although  a com- 
plicated system,  various  forms  of  silicon/silicon  carbide/carbon 
composites  have  reached  a stage  where  consistent  and  economical 
processing  can  be  accomplished.  They  may  have  near-term  useful- 
ness in  moderate  increases  of  gas-turbine  inlet  temperatures. 
There  is  a promising  possibility  that  silicon  nitride  can  be 


surface  toughened  by  a cold  work  process  (In  effect,  this  appears 
to  be  particle  compositing  by  stress-induced  phase  precipitation). 
This  could  be  very  useful  for  cold  applications  such  as  increas- 
ing the  reliability  of  ceramic  roller  or  ball  bearings.  Finally, 
continuous  silica  or  alumina  fibers  in  a silica  or  alumina 
matrix  have  had  enough  previous  R&D  that  the  concept  out  to  be 
exhumed  for  radome  use. 

The  last  CMC  system  to  emerge  from  this  study,  and  which 
is  probably  a 6.2  candidate,  is  a glass  matrix  reinforced  with 
continuous  fibers  of  boron,  graphite,  or  silicon  carbide.  The 
remarkable  set  of  properties  which  can  be  obtained  from  this 
CMC  is  discussed  earlier  in  Section  1 of  this  Chapter  (see  page 
5^)  and  will  not  be  repeated  here.  The  Review  Committee  of  the 
IDA  Workshop  was  unanimous  in  saying  that  this  class  of  CMCs  be 
given  a very  high  priority  for  near-term  DoD  development. 

Most  of  the  existing  problems  for  CMCs  fall  in  the  6.1 
category.  However,  there  are  some  negative  conclusions  reached 
by  the  workshop  which  are  useful. 

• Metal  (especially  refractory  metal)  fiber-reinforced 
ceramics  are  not  promising  for  any  high-temperature 
application  in  an  oxidizing  atmosphere.  It  does  not 
matter  whether  the  metal  is  grown  in  situ  or  not. 

• Purely  exploratory  work  searching  for  new  chemical 
composite  systems  no  longer  seems  Justifiable.  It 
is  time  to  narrow  down  efforts  to  a few  chemical 
systems  and  understand  their  fabrication  potential 
and  properties. 

• Typical  hot-pressing  of  refractory  ceramic  powders 
with  blended-in  brittle  fibers  is  likely  an  unpromis- 
ing fabrication  technique.  A (positive)  corollary  of 
this,  particularly  for  oxides,  is  that  directionally 
solidified  ceramic  fiber  growth  techniques  should  be 
emphasized . 
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Despite  an  Impressive  accumulation  of  knowledge,  the  mech- 
anisms of  toughening  and  strengthening  (which,  in  general,  are 
two  different  things  and  frequently  act  in  opposite  directions) 
are  still  not  sufficiently  clear  in  ceramic-matrix  composites. 

The  most  commercially  successful  CMC,  partially  stabilized 
zlrconia,  is  not  really  understood  except  in  rather  vague 
terms  (Ref.  10).  Toughening  is  apparently  due  to  stress-induced 
metastable  phase  transitions,  and  seems  to  work  only  when  the 
high-temperature  phase  has  a lower  density  than  the  stabilized 
low-temperature  phase.  Whether  the  effect  is  limited  to  zlrconia 
systems  is  not  clear,  but  tr.e  general  phenomenon  of  stress- 
induced  phase  transitions  deserves  a specific  study. 

Directionally  solidified  (DS)  growth  of  oxide  fibers  or 
lamellae  in  an  oxide  matrix  has  been  successfully  demonstrated 
in  several  materials  systems  (see  Appendix  A,  Section  2).  This 
is  presently  a long  slow  process  and  it  has  often  been  suggested 
tnat  scale-up  problems  may  preclude  such  CMCs  from  being  prac- 
tical. While  this  is  possible,  the  present  study  seems  to  indi- 
cate that  such  in  situ  growth  may  well  be  the  only  way  in  which 
useful  high-temperature  oxides  can  be  ceramic  fiber-reinforced. 
Certainly  it  has  the  potential  for  yielding  excellent  micro- 
structure configuration.  While  previous  DS  oxide/oxide  R&D  has 
been  good  work,  it  has  not  been  intensive  and  very  little  effort 
has  been  devoted  to  fabrication  techniques  as  such.  This  seems 
important  enough  to  warrant  a broader  study. 

Silicon  nitride  and  silicon  carbide  have  had  the  heaviest 
attention,-  over  the  past  5-7  years,  of  any  of  the  monolithic 
ceramics.  This  is  perhaps  as  it  should  be,  but  there  have  been 
numerous  expressions  of  concern  that  such  monolithic  materials 
might  not  be  able  to  fully  satisfy  the  needs  of  their  strongest 
driving  application,  namely  the  gas  turbine  engine.  Compositing 
them  with  ceramic  fibers  would  seem  to  have  a very  high  priority, 
but  no  one  is  quite  sure  how  to  do  it.  In  1970,  Lindley  and 


Godfrey  (Ref.  11)  reported  results  of  putting  long  (but  discon- 
tinuous) silicon  carbide  fibers  Into  a silicon  nitride  matrix. 
The  results  looked  good;  the  fracture  surface  energy  was  In  the 
range  of  cast  Iron.  However,  nothing  more  appears  to  have  been 
done  perhaps  because  their  silicon  carbide  fibers  were  vapor 
deposited  on  a tungsten  substrate.  As  pointed  out  elsewhere, 
such  a fiber  encounters  thermal  stability  problems  around  850°C 
and  cannot  be  used  to  higher  temperatures.  It  is  possible  work 
is  under  way  in  the  United  Kingdom  which  escaped  the  attention 
of  the  authors.  In  any  case,  better  silicon  carbide  fibers  are 
now  available  and  a new  look  ought  to  be  taken.  In  1968,  the 
AFML  carried  out  a short  research  effort  (at  Stanford  Research 
Institute,  Ref.  12)  to  grow  in  situ  silicon  nitride  whiskers 
in  a silicon  nitride  matrix.  The  work  was  dropped  because  high 
density  bodies  could  not  be  obtained.  However,  the  concept 
may  well  be  feasible  and  certainly  another  study  should  be  made 
(the  AFML  project  had  little  publicity  and  none  of  the  workshop 
participants  was  even  aware  of  it). 

A seemingly  promising  area  of  research  for  silicon  nitride 
(and  maybe  silicon  carbide)  is  to  look  for  appropriate  ways  of 
making  sols  and  gels  perhaps  similar  to  the  way  silica  gel  is 
made.  The  advantages  can  be  very  high  (see  paragraph  above) 
provided  it  can  be  done.  It  is  not  immediately  obvious  that 
the  necessary  chemical  precursor  compounds  exist  that  would 
permit  silicon  nitride  to  be  precipitated  from  a room  tempera- 
ture solution.  Perhaps  an  arc  discharge  technique  in  liquid 
ammonia  using  silicon  electrode  might  work  (similarly  to  how 
colloidal  gold  precipitates  are  made),  but  it  apparently  has 
never  been  tried.  There  was  really  no  one  involved  in  the 
workshop  who  was  experienced  in  silicon-nitrogen  chemistry  and 
the  authors  feel  that  an  appropriate  consultant  panel  ought  to 
consider  the  question  more  deeply. 

It  appears  to  the  authors  (and  others)  that  the  corrosion 
properties  of  silicon  nitride  and  silicon  carbide  have  not  been 
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sufficiently  researched.  These  materials  depend  for  their 
oxidation  resistance  (other  than  merely  decreasing  porosity  as 
much  as  possible)  on  a self-healing  film  of  vitreous  silica 
(or,  mox’e  generally,  silicates).  This,  of  course,  is  also  the 
oxidation  resistance  mechanism  of  slllcldes.  There  are  known 
difficulties,  at  certain  temperature  regimes  (e.g.,  quite  low 
temperatures),  with  the  oxidation  of  both  silicon  carbide  and 
molybdenum  dlsillcide.  Manufacturers  of  silicon  carbide  fur- 
nace heating  tubes  carry  a warning  to  the  user  not  to  run  them 
very  long  (in  air)  at  temperatures  around  900-1000°C  (l832°F). 
Above  and  below  this  temperature  range  the  oxidation  resistance 
is  good,  but  in  that  range  the  silicon  carbide  will  oxidize 
reasonably  rapidly.  Such  a phenomenon  also  exists  for  silicon 
nitride  though  no  publications  were  found.  This  whole  subject 
may  or  may  not  be  a problem  in  gas  turbine  applications  but  it 
does  not  appear  to  have  been  very  deeply  considered  (consider- 
ing its  potential  Implications). 

A very  significant  area  for  6.1  research  attention  is  that 
of  innovative  CMC  processing  techniques.  In  situ  DS  ceramic 
fibers  in  a ceramic  matrix  have  already  been  mentioned  in  the 
context  of  oxide/oxide  composites.  As  a broader  statement, 
attempting  to  hot-press  fibers  (nonmetalllc ) in  a refractory 
ceramic  powder  will  generally  not  work  well  enough  to  ever 
warrant  consideration  as  a manufacturing  method.  Various 
possible  methods  are  discussed  in  Appendix  A,  Section  8.  Some 
gas-solid  (or  liquid-solid)  reaction  techniques  are  already 
being  used  for  the  monolithic  ceramics.  Others,  such  as  in  situ 
pyrolysis  (or  copyrolysis)  of  precursor  polymer  fibers,  are 
really  Just  concepts.  Sol-gel  powder  preparation  to  form  very 
fine  (almost  atomic)  dispersions  of  one  material  in  another 
looks  promising.  High-pressure,  high-straln-rate  (e.g.,  explo- 
sive) forming  has  never  been  seriously  applied  to  ceramics, 
partially  because  of  cost.  However,  the  workshop  panel  agreed 
that  such  techniques  have  high  potential  and  that  Joint  programs 
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between  DoD  and  DOE  (which  is  where  the  expertise  presently 
exists)  should  be  seriously  contemplated. 

B.  RECOMMENDATIONS  FOR  DoD  ACTIONS 

From  the  discussion  of  Section  A,  there  Is  left  little 
doubt  that  the  potential  usefulness  of  CMCs  to  DoD  systems  Is 
high  and  very  broad  in  scope.  With  a few  exceptions,  it  is 
not  quite  so  clear  which  areas  of  technology  are  likely  to 
prove  the  most  promising  for  instigating  R&D  programs.  In 
Option  I,  below,  the  authors  have  attempted  to  lay  out  one 
suggested  program  involving  what  appears  to  be  the  smallest 
and  most  effective  investment  of  resources.  Option  II  lists 
additional  desirable  projects  if  (or  when)  greater  resources 
become  available.  Since  CMCs,  as  a whole,  form  a cohesive  tech- 
nology with  common  basic  problems  regardless  of  the  specific 
materials  involved,  it  is  strongly  recommended  that  the  program 
be  organized  as  a single  coordinated  DoD  effort  to  permit  the 
best  use  of  funding. 

OPTION  I:  SUGGESTED  MINIMUM  CMC  PROGRAM 

No  attempt  will  be  made  to  lay  out  a schedule  or  to 
delineate  between  in-house  or  contract  work.  Since  almost  all 
projects  would  be  new  starts  (even  if  serving  the  needs  of  an 
ongoing  program),  only  the  first  year's  efforts  Is  Indicated. 

It  is  understood  that  each  project  would  be  reviewed  periodically 
with  the  direction  or  funding  altered  as  appropriate.  The 
suggested  projects  are  listed  In  order  of  closeness  to  appli- 
cability and  seeming  potential.  Estimated  resources  required 
for  the  first  year.  In  man-years  (MY),  are  shown  for  each.  These 
estimates  reflect  a minimum  meaningful  project  size  based  on  the 
authors'  background  experience. 


chopped  alumina  fiber  in  typical  high  alumina  refractory  liners 
for  use  in  newly  developing  Navy  shipboard  multifunctional  in- 
cinerators. (3  MY) 

2.  Moderate-Term  (2-5  years) 

2.1  Nonmetallic  Continuous  Fiber/Glass.  To  investigate 
boron,  carbon,  and  silicon  carbide  fibers  Imbedded  in  various 
glass  matrices.  An  intensive  applications  tradeoff  study  is 
suggested  as  part  of  this.  An  existing  Air  Force  project  is 
about  a one  man-year  per-year-ef fort  on  alumina  fibers  for 
possible  radome  use.  (2  MY) 

2.2  Erosion-Resistant  RV  Nosetip.  To  Investigate  further 
existing  carbide/graphite  composites  developed  by  Los  Alamos 
and  by  NRL  for  reentry  vehicle  nosetip  application.  There  is 

a small  existing  Navy  contract,  estimated  at  about  one  MY  per 
year.  (2  MY) 

2.3  Oxidation  Resistance  of  SiC  and  Si^N^.  To  investigate 
the  stated  problem  so  that  reliable  projections  can  be  made  to 
10,000  hours.  Also,  the  question  of  short-time  low-temperature 
(about  900-1000°C)  should  be  resolved.  While  not  strictly  a 
CMC  project,  the  results  could  have  a strong  impact  on  the 
urgency  of  future  CMC  investigations.  (1  MY) 

3.  Long-Term  (>5  years) 

3.1  SiC  and  Si^N^  F i bers/Si . To  investigate  the  use 

of  the  newer  SiC  long  fibers  in  a Si^N^^  matrix.  In  a concurrent 
part  of  the  project.  Investigate  the  in  situ  incorporation  of 
fibrous  or  whlsker-llke  Sl^Nj^  in  the  same  matrix.  (2  MY) 

3.2  Oxide  Fibers/Oxide.  To  Investigate  further  in  eitu 
DS  oxide  growth  in  oxide  matrices  with  special  attention  to 
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Improved  processing  techniques.  This  is  an  important  backup 
technology  in  case  SIC  and  Si^N^^  prove  impractical.  (2  MY) 

3 . 3 Sol-Gel  techniques  for  Carbides  and  Nitrides.  To 
explore  innovative  sol-gel  methods  for  precipitating  (or  copre- 
clpltatlng)  very  fine  particle  composites,  particularly  relating 
to  SIC  and  Si^N^^.  The  Navy  has  some  sol-gel  in-house  research. 
(1  MY) 

3.4  In  situ  Copyrolysis  of  Fibrous  Precursors.  To  explore 
innovative  methods  whereby  reinforcing  fibers  can  be  formed  in 
place  (within  the  matrix)  by  pyrolytic  techniques.  The  Navy 
has  a small  in-house  effort.  (1  MY) 

3 . 5 Toughening  and  Strengthening  Concepts  and  NDE.  To 
better  understand  the  micromechanics  of  CMCs  and  potential  NDE 
techniques.  The  Navy  has  an  in-house  effort.  (2  MY) 

The  total  estimated  resource  effort  required  for  Option  I 
is  16  man-years  for  the  first  year. 

OPTION  II:  SUGGESTED  DESIRABLE  CMC  PROGRAMS 

This  option  includes  Option  I and  the  following  suggested 
proj  ects . 

1 . Near-Term  (<2  years) 

1.1  Metal  Fi ber/Concrete . To  Investigate  and  expand  on 
existing  iron  or  steel-fiber-reinforced  concrete  for  possible 
application  to  castable  boat  hulls.  (2  MY  the  first  year) 

2 . Moderate-Term  (2-5  years) 

2.1  Silicon  Carbide/Silicon/Carbon.  To  investigate  the 
application  of  existing  technology  of  either  preform  SlC/Sl  or 
molded  SlC/Sl/C  materials  for  medium-temperature  gas  turbine 
engines.  (2  MY) 

2.2  CMCs  for  Gun  Barrel  Liners.  To  investigate  the 
various  concepts,  and  their  potential  benefits  whereby  CMS  could 
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be  applied  to  the  gun  barrel  erosion  and  wear  problems. 
(1  MY  the  first  year) 


2.3  CMCs  for  Ceramic  Bearings.  To  Investigate  concepts 
whereby  ceramic  roller  and  ball  bearings  (especially  Si^N^) 
might  have  their  life  and  reliability  significantly  Increased 
by  the  use  of  CMCs.  (1  MY  the  first  year) 

2.4  Boron  Nitride  Fibers/Boron  Nitride.  To  investigate 
techniques  of  producing  high-performance  BN  fibers  and  incor- 
porating them  into  a dense  BN  matrix.  The  first  application 
would  be  RV  antenna  windows,  but  there  will  be  others  depending 
on  the  results.  (2  MY) 

2.5  Alumina,  Silica  Fibers/Alumina,  Silica.  To  reinves- 
tigate the  fabrication  of  filament-wound  reinforcement  in  a 
silica  or  alumina  matrix  for  erosion-resistant  radome  use. 

The  fibers  could  be  quartz  or  alumina.  This  could  be  a 6 . 3A 
project.  (2  MY) 

3 . Long-Term  (>5  years) 

3.1  CMC  Fabrication  Techniques.  To  investigate  the 
utility  of  innovative  CMC  fabrication  methods.  This  would 
Include  a more  thorough  look  at  flame  spraying,  plasma  spray- 
ing, chemical  vapor  deposition,  explosive  forming,  etc.  Exper- 
tise exists  in  the  country  for  each  of  these  methods  (albeit 
for  other  uses).  (3  MY) 

The  supplemental  estimated  required  resources  are  13  man- 
years,  so  that  the  total  resources  for  Option  II  are  29  man- 
years  for  the  first  year. 

If  the  DoD  decides  that  the  military  applications  described 
above  are  needed,  then  the  recommendation  is  made  that  the  DoD 
consider  and  implement  one  of  the  two  suggested  options. 
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APPENDIX  A 


TECHNICAL  OUTLINE  OF  WORKSHOP  ON  CERAMIC-MATRIX  COMPOSITES 

The  workshop  on  ceramlx-matrix  composites  held  at  IDA  on 
8-9  September  1977  was  attended  by  about  15  persons.  This  work- 
shop was  Intended  as  an  Informal  discussion,  in  depth,  and  not 
as  a seminar  with  formal  papers.  Some  of  the  attendees,  how- 
ever, were  requested  to  give  short  talks  as  an  Introduction  to 
specific  technical  areas;  this  appendix  gives  short  excerpts 
from  a few  of  these  talks.  The  format  varies  but  generally 
will  be  a short  resume  (or  explanatory  comments)  plus  pertinent 
data  (usually  unreferenced)  presented  by  the  speakers.  The 
authors  made  no  attempt  to  analyze  the  sections;  in  fact,  the 
sections  are  frequently  left  in  the  form  of  a vugraph  briefing. 
The  purpose  of  Appendix  A is  to  present  some  of  the  raw  infor- 
mation made  available  to  the  workshop  participants.  A short 
but  useful  outline  of  notes  on  the  entire  workshop  is  given  in 
Section  11. 

Appendix  B is  a list  of  respondents  whose  replies  to  the 
survey  questionnaire  were  used  by  the  CMC  Workshop.  Appendix  C 
contains  the  survey  questionnaire  sent  to  over  300  persons 
knowledgeable  in  the  science  and  engineering  of  high-performance 
ceramics . 
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1.  OXIDE  MATRICES/METALLIC  REINFORCEMENT* 


The  problem  areas  associated  with  the  use  of  metallic  re- 
inforcement of  oxide  ceramics  are  summarized  In  the  following 
tabulations.  Although  the  utilization  of  in  situ  grown  metal 
oxide-metal  eutectic  structures  offers  some  Improvement  over 
Incorporating  metal  wires  In  a hot-pressed  oxide  matrix,  the 
Inherent  lack  of  oxidation  resistance  of  both  materials  severely 
limits  utilization  for  any  practical  applications.  These  ma- 
terials exhibit  major  Improvements  In  Impact  and  work  of  frac- 
ture values  compared  to  pure  oxides  at  room  temperature,  but  no 
success  has  been  made  at  retaining  these  properties  at  elevated 
temperatures  (>1000°C). 


Contributor:  A.T.  Chapman. 


oxygen  environment  at  temperatures  where  the  super  alloys  are  used  today. 
Except  for  a few  applications  (in  low  oxygen  pressures)  further  R & D in 
this  area  is  probably  unwarranted  unless  some  way  is  found  to  greatly 
improve  the  oxidation  resistance  of  this  class  of  composites. 


2. 


OXIDE  MATRICES/NONMETALLIC  REINFORCEMENT* 


Examination  of  oxide-matrix  composites  can  be  on  the  basis 
of  mlcrostructural  features  of  the  "reinforcement"  phase.  On 
this  basis,  the  existence  of  a very  fine  or  a dispersed  phase 
is  one  category,  a much  larger  particulate  phase  is  a second 
one,  and  the  fibrous  or  lamellar  structure  is  a third.  The  dis- 
persed versus  particulate  category  may  be  divided  at  about  the 
one-micron  level,  whereas  the  fibers  or  lamellae  may  be  con- 
sidered continuous. 

The  dispersed  second  phase  in  oxide  composites  may  be  con- 
sidered on  the  basis  of  dislocation  processes  or  crack  processes. 
The  use  of  precipitates  via  precipitation  hardening  has  been 
unequivocally  demonstrated  to  affect  dislocation  processes  as 
Increased  microhardness  in  at  least  two  systems — spinel  and 
sapphire.  Modest  hardness  increases  (about  20%)  have  been  re- 
ported in  single-crystal  alumina-rich  spinel,  heat-treated  to 
yield  a metastable  Al^O^  precipitate.  Similarly,  a TiO^-rich 
precipitate  forms  in  the  classical  star  sapphire  with  an  attend- 
ant Increase  in  the  hardness.  There  is  little  doubt  that  the 
classical  precipitation  hardening  process  can  be  successfully 
applied  to  some  oxide  systems.  It  has  been  amply  demonstrated 
in  single  crystals,  but  to  date  has  not  achieved  any  form  of 
large-scale  polycrystalline  structural  application. 

The  Interaction  of  cracks  with  precipitates  in  spinels  has 
also  been  demonstrated  as  they  exhibited  Increased  strength  and 
decreased  susceptibility  to  slow  crack  growth.  No  commercial 
application  has  been  advanced. 
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The  interaction  of  cracks  with  a precipitate  phase  has  also 
been  clearly  demonstrated  in  partially  stabilized  zirconia  (PSZ). 
A zirconia  body  with  a cubic  phase  stabilizer  (Y^O^,  CaO,  or 
MgO)  is  heat-treated  in  the  cubic  + tetragonal  phase  field. 

Upon  cooling  to  lower  temperatures,  a microstructure  of  cubic 
zirconia  containing  metastable  tetragonal  precipitates  results. 
When  a crack  is  stressed,  the  crack  tip  stress  field  causes  the 
metastable  tetragonal  zirconia  to  transform  to  the  stable  mono- 
clinic  form.  An  increase  in  toughness  results.  Fracture  tough- 
nesses  between  5 and  6 MN/m  have  been  reported,  and  strengths 
approach  100,000  psi.  It  is  expected  that  this  strong/tough 
material  will  exhibit  enhanced  properties  to  about  1000°C.  In 
addition  to  the  many  research  efforts  concerning  this  concept, 
a related  material  is  being  marketed  in  the  for*m  of  dies  for  ex- 
trusion and  wire  drawing.  Thus  it  is  commercially  available  in 
bulk  form. 

Related  to  this  metastable  precipitate  phase  transition  in 
a crack  tip  stress  field  to  yield  enhanced  toughness  and  strength 
is  the  development  of  a completely  metastable  body  of  tetragonal 
zirconia.  Through  proper  additives  (same  as  before)  and  small 
particle  sizes,  a dense  tetragonal  body  can  be  achieved.  Crack 

tip  stress  fields  cause  a conversion  to  the  monoclinic  form. 

3/2 

Fracture  toughnesses  as  high  as  9 MN/m  have  been  reported, 
along  with  100,000-psl  strengths.  Again,  about  a 1000°C  upper 
limit  is  anticipated.  No  commercial  forms  of  this  have  been 
marketed . 

The  Incorporation  of  particulate  oxide  particles  into  an 
oxide  matrix  has  been  thoroughly  studied  for  Zr02  particles  hot- 
pressed  in  an  Al^O^  matrix.  Several  points  are  clear  and  may 
be  extendable  to  other  systems.  There  is  absolutely  no  doubt 
that  crack/particle/microcrack  interactions  can  Increase  energy 
dissipation,  perhaps  arresting  cracks.  However,  particles  also 
serve  to  lower  strength  in  most  cases  by  creating  "microcracks." 
It  is  reasonable  to  assume  that  little,  if  any.  Increases  in 
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strength  can  be  expected  from  particulate  additions.  Submicron 
particle  additions  may  overcome  these  problems  where  particle- 
associated  microcracks  are  much  smaller  than  intrinsic  micro- 
structural  flaws. 

Although  not  a ceramic  second  phase,  there  are  two  areas 
of  ceramic  matrices  that  merit  some  attention.  One  is  polymer 
impregnation  of  concrete  and/or  structural  clay  products  and 
the  other  is  the  use  of  natural  structures,  such  as  coral  and 
wood,  to  develop  a ceramic  matrix.  In  these  cases,  the  pore 
"filler"  usually  has  only  low-temperature  capabilities  and  not 
very  promising  strengths,  although  strengths  do  reach  two  to 
three  times  their  nonlmpregnated  values.  This  type  of  ceramic 
composite  where  both  phases  are  continuous  does  have  some  merit 
for  low-temperature,  low-strength  considerations. 

Continuous  fiber  or  lamellar  oxide  composites  have  been 
developed  by  directional  solidification  of  oxide-oxide  eutectics. 
These  possess  good  hardness,  wear,  toughness,  and  creep  charac- 
teristics, as  well  as  excellent  high-temperature  (>1500°C) 
strengths.  Most  of  the  structural  and  many  of  the  property 
characteristics  have  been  established.  For  commercial  use, 
sizes  greater  than  about  one  inch  in  diameter  have  not  yet  been 
directionally  solidified.  Potential  for  the  large  sizes  does 
exist  at  the  Army  Materials  & Mechanics  Research  Center  (AMMRC) 
facility. 

In  summary,  promise  exists  for  use  of  oxide  composites  in 
structural  applications.  Some  outstanding  properties  have  been 
obtained.  Based  on  the  metastable  zlrconia  studies,  as  well 
as  the  directionally  solidified  eutectic  studies,  it  appears  that 
in  sitM-type  composites  offer  the  best  promise.  That  is,  par- 
ticulate composite  results  suggest  difficulties  in  taking  the 
two  components  as  separate  entities  and  consolidating  them. 

Many  questions  need  to  be  answered,  particularly  concerning  the 
fundamentals  as  well  as  commercial  scale-ups.  Some  concern  the 
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metastable  phase  approach.  What  makes  a metastable  phase?  and 
Can  any  phase  transition  be  used?  How  can  some  of  the  other 
composites  be  scaled  up?  Very  Interestingly,  the  only  example 
which  has  "real"  success  and  is  commercial  in  nature,  PSZ,  is 
also  the  least  fundamentally  understood. 


3.  SILICON  AND  SiC  MATRIX  COMPOSITES* 


SiC-Si  composites’  technology  has  advanced  to  the  commer- 
cial state  for  several  compositions.  The  United  Kingdom's 
Atomic  Energy  Authority  REPEL  and  Norton's  NC  430  are  available 
in  commercial  quantities  with  the  attractive  properties  listed 
in  Table  I. 

Other  types  of  processing  dealing  with  the  formation  of 
SiC  fibers  in  a silicon  matrix  (Ref.  1)  and  with  transfer  molding 
of  SiC-polymer  compositions  (Ref.  2)  to  form  SiC-Si  composites 
are  in  the  development  stage  and  have  yielded  potentially  useful 
refractory  parts  for  gas  turbine  applications.  A summary  of 
their  physical  and  mechanical  properties  is  shown  in  Table  I. 

TABLE  I 

PROPERTIES  OF  SiC-Si  COMPOSITES  (Ref.  2) 


Sic 
Vol  % 


Coaaaetcially  Available 


Contributor:  T.J.  Whelan. 


Density 


Rupture 


young's 


Strength  (Kpsi)  Hodul  us  (1 0 psi  1 


REPEL  Extruded 

90 

3.10 

76 

60 

Norton  NC  430  Slip  Cast 

90 

3.1 

45 

54 

Development 

Ford  Transfer  Molded 

90-95 

3.14 

70 

60 

General  Electric 

BOSS 

2.87 

70 

57 

Infiltrated 

40-45 

3.70 

48 

44 

Carbon 

30-25 

2.60 

30 

29 
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The  principal  advantages  of  these  materials  are  that  they 
can  be  formed  from  Initially  inexpensive  materials  to  final 
shape  with  less  than  one  percent  of  dimensional  change  during 
processing.  Another  important  advantage  is  that  they  yield 
high  strengths  essentially  independent  of  temperature  to  about 
1300°C.  Both  isotropic  and  anisotropic  strength  properties  can 
be  developed  by  the  General  Electric  process. 

Their  principal  weaknesses  are  that  their  creep  properties 

have  not;  been  characterized  at  temperatures  beyond  1000®C,  and 

\ 

strength^  at  the  present  level  of  development  are  less  than 
those  required  for  some  important  structural  uses  such  as  the 

ceramic  gas\turblne  rotor. 

\ 

The  future  potential  for  these  materials  will  increase  as 
improvements  are  made  in  strength  and  reliability.  Much  basic 
research  must  b'a  accomplished  to  more  fully  understand  the 
strength-contro]\ing  factors  such  as  flaws,  flaw  distribution, 
and  the  intergrowfh'^f  0-SlC  crystals  during  processing.  The 
Joining  of  Slc-Sl  composites,  and  material  behavior  to  high- 
pressure  H2,  should  be  investigated  to  meet  potential  require- 
ments for  the  Stirling  engine  applications  and  other  high-tem- 
perature structural  uses. 

Recent  development  of  SiC  fibers  (Ref.  3)  of  high  tensile 
strength  (300  ksl)  open  up  the  possibij.ity  of  employing  these 
fibers  in  a silicon  matrix  or  a chemical  vapor  deposition  (CVD) 

Sic  matrix.  Potentially,  very  high  strength  material  could  be 
developed  with  the  desirable  anisotropic  mechanical  properties. 

REFERENCES 

1.  W.B.  Hllllg  et  al.,  "Sllicon/Slllcon  Carbide  Composites," 
Bull.  Am.  Ceram.  Soc . . 54 , 12,  1054,  1975. 

2.  T.J.  Whelan  et  al.,  "Progress  on  Injection-Molded, 
Reaction-Bonded  SIC"  in  Ceramics  for  High  Temperature 
Applications  II . Proceedings  of  the  Fifth  Army  Materials 
Conference,  Newport,  RI,  March  21-25,  1977. 

3.  R.L.  Crane  and  V.J.  Krukonls,  "Strength  and  Fracture 
Properties  of  Silicon  Carbide  Filament,"  Bull.  Am. 

Ceram.  Soc . . 54 . 2,  l84,  1975. 
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INJECTION- MOLDED,  REACTION-SINTERED  Si C 


PROPERTIES  OF  INJECTION-MOLDED  MATERIALS 

Ford  SiC 

Ford 

Density  g/cc 

3.1^1 

2.20 

t Transverse  Rupture 

Strength,  Kpsi 

55 

2^1 

^ Thermal  Expansion 

l 10-6/*C 

^.3 

1.3 

Thermal  Conductivity 

cal/sec-cm-*C 

0.50 

0.03 

E,  10^  PS  I 

53 

17 

, 6/  10^  PS  I 

22 

7 

' 

1 
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CARBIDE-GRAPHITE  COMPOSITES* 


Transition  metal  carbide-graphite  composites  have  been 
thoroughly  studied  for  many  years,  originally  as  part  of  the 
nuclear  rocket  engine  program  and  lately  as  a potentially 
erosion-resistant  nosetip  material  for  ballistic  reentry  ve- 
hicles. The  carbides  used  most  recently  are  those  of  tantalum 
and  of  tantalum-niobium  solid  solutions.  By  now,  these  are  no 
longer  considered  new  materials.  Standard  operating  proce- 
dures have  been  developed  for  all  manufacturing  steps,  and 
they  are  probably  better  characterized  than  many  commercial 
materials.  As  an  example,  the  following  list  gives  the  prop- 
erties that  have  been  determined  for  mixed  NbC*TaC-C  composites 
along  the  range  of  property  determination.  These  may  be  con- 
sidered vaiable  products,  well  beyond  the  development  stage. 

A recent  reference  (Ref.  1)  is  cited. 

REFERENCE 

1.  C.M.  Hollabaugh  et  al.,  "Chemical  Vapor  Deposition  of 

Tantalum  on  Graphite  Cloth  for  Making  Hot-Pressed  Fiber- 
Reinforced  Carbide-Graphite  Composite,"  to  be  published 
in  Proceedings  of  the  Sixth  International  Conference  on 
Chemical  Vapor  Deposition,  October  l0-13,  1977,  Atlanta, 
Georgia . 


1 

Contributor:  R.E.  Riley. 


STUDY  OF  46  v/o  NbC-TaC-C  HOT-PRESSED  COMPOSITES 
LIST  OF  PROPERTIES  AND  EVALUATIONS  (Source:  Riley) 


Property  or 
Evaluation 

Electrical 

Besiatlvlty 

Elastic  Modulus 


thermal  Expansion 


Ciemal  Conduc- 
tivity 


Tensile  Strength 
CoEipresslve  Strength 


Bend  Strength 


Notched  Tensile 
Strength 

Coepressive  Defor- 
mation 


X-Ray 


Chemical  and 
Spectroscopic 
Analyses 

Steady-State 

Thermal-Stress 

Resistance 

Thermal-Siock 

Thermal-Stress 

Resistance 


Conditions  or  Range 
Boon  Tesperature  (RT) 

RT  to  ~ 2500 'C 

RT  to  ~ 2500*C 

Room  Ten^erature 
RT  to  ~ 800 ‘C 
.Boom  • JQhcp  or  ature 
Room  Ttenpereturc 

RT  to  ~ 2500 'C 


RT  to  ~ 2200 ’C 

2700 ‘C,  2000  Ib/ln® 
2700*C,  2000  Ih/in^ 
All  Pressings 

Sasple  of  Each 
Starting  Ibrmu- 
latlon 

RT  to  ~ 1500*C 

RT 


Remarks 

Both  Parallel  end  Perpendicular 
to  Pressing  Direction 

Dynamic  Technique,  Parallel  to 
Pressing  Direction 

Optical  Tracking,  Parallel  to 
Pressing  Direction 

Contact  Probe 
Technique 

Cut-Bar  Technique 

Standard  Tensile 
Samples 

Standard  Crush 
Sasples 

1-1  A”  BodS/  Thirds  Point 
Loading,  Parallel  and  Per- 
pendicular to  Pressing  Di- 
rection. 

lA"  Dia.  Rods  with  Square 
Groove,  Parallel  Only 

30  Minutes  f Parallel  and  Per- 
<pendlculcr  to 

1 Hour  (pressing  Direction 

Pressings  Showing  Non-Unlfora- 
Ities  Were  Rejected 

Nb,  Ta,  Tbtal  Carbon,  JTee 
Carbon;  ^c.  for  Major 
Inpur it ies  (iron  io  Major 
Impurity) 

Relative  Rankings  in  Thermal- 
Stress  Fracture  Resistance 
Were  Determined  on  Washer 
Samples  Oriented  Perpen- 
dicular to  tte  Pressing  Di- 
rection 


{Parallel 
Only 

(Parallel 
Only 
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AVCO  - lONW  ABUr ION-EROSION  RESULTS 

COMPOSITION 

55  V0LX(50  MTX  TaC^SO  WTI  NbC)  ♦ 45  VOLX  -325  N-3 

46  V0LX(50  WTX  TaC+50  WTi  NbC)  ♦ 54  VOLX  -325  11-3 

46  V0LX(50  m TaC*50  WTX  NbC)  ♦ 30  VOLX  -325  M-3 

♦ 24  VOL*  6mh  HMS  FIBERS 

40  VOLX  HfC  ♦ 60  VOLX  0.6  -m  M-5 

ATJS  - GRAPHITE 


Ab)«tion  Performnce  of  Hot  Pressed 
Cerbide-Graphlte  Coaposites  versus  Graphite 


RECESSION  RATE  IN. /SEC 
0.659 
0.695 
0.823 


1.258 

2.587 


Graphite  Turbulent  Tim 


Graphite  Lanllar  Flow 


lot'.'.'olamet 


10  20  30  40  SO  60 


Vo)t  - TaC-NbC 


5.  SILICON  NITRIDE  MATRIX* 

In  order  to  increase  the  impact  and  thermal  stress  prop- 
erties of  silicon  nitride,  work  has  proceeded  over  the  last 
several  years  to  incorporate  fibers  as  a reinforcement.  This 
work  is  described  in  a series  of  United  Technologies  Research 
Center  reports;  the  most  recent  is  Ref.  1. 

For  a variety  of  reasons  brought  out  in  these  reports, 
the  reinforcement  choice  was  narrowed  down  to  tantalum  wire. 

In  general,  such  reinforcement  gave  rise  to  very  large  in- 
creases in  the  impact  resistance  properties  and  significant 
increases  in  resistance  to  thermal  shock.  Reinforcement  oxi- 
dation problems,  however,  were  severe  and  attempts  to  pre- 
sillcide  the  tantalum  did  not  have  much  success.  The  follow- 
ing vugraph-type  charts  Illustrate  some  of  the  properties  ob- 
served in  such  composites.  For  similar  efforts  in  Slalons, 
see  Ref.  2. 

REFERENCES 

1.  J.J.  Brennan,  "Investigate  Fiber  Reinforced  Silicon 
Nitride,"  NADC-761A7-30 , 31  March  1976  (AD  A025-901). 

2.  T.  Vasilos,  "Development  of  Fiber  Reinforced  Slalons," 
REVMAT  Program  Final  Report  on  Contract  NCD921-75-C- 
0155  to  Avco  Corporation  by  NSWC , 2 April  1976. 


Contributor;  J.J.  Brennan. 
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I Potential  Advantages  of  Si3N4 

Matrix  Composites 

i 

[ • Increased  impact  resistance 

I • Increased  strength 

• Increased  fracture  toughness 

• Increased  thermal  conductivity 


Candidate  Si3N4  Matrix  Composite  Systems 

e Continuous  fiber  reinforcement 

• Ta  • Brennan,  Rhodes,  Vasiios 

• Mo  • Brennan,  Rhodes,  Vasiios 

• Cb  • Brennan 

• W • Brennan 

• SiC  • Brennan,  Lindley 

• C-  Brennan,  Vasiios 

• Re  - Rhodes 

• Discontinuous  fiber  or  particie  reinforcement 

• SiC  • Lange,  Richarson,  Rhodes,  Brennan 

• Zr02  * Claussen 

• Si3N4  - Rhodes 

• C • Rhodes 


Si3N4-Ta  Impact  Properties 


i 

I 

1 


r 


Charpy  impact 

• Total  impact  energy  for  Si3N4-  Ta  increased  by 

a factor  of  30  over  monolithic  Si3N4,  RT  to  1300OC 
(15  ft-lbs  compared  to  0.5  ft-lbs) 

• Threshold  energy  for  damage  for  Si3N4  'Ta 
increased  by  a factor  of  five  over  monolithic  Si3N4, 
RT  to  1300^0  (2.5  ft-lbs  compared  to  0.5  ft-lbs) 

• Fracture  mode  changed  so  that  Si3N4  matrix 
shatters  upon  impact 

Ballistic  impact 

• Energy  for  ballistic  impact  damage  initiation  increased 
by  a factor  of  8,  RT  to  1300  <>C(4  ft-lbs  vs.  0.5  ft-lbs) 

isssissfs&»r*u«iu_ 


Impact  Properties  of  Si3N4  Ceramics 


Ta  reinforced  (3  ft  lbs) 


Ta  reinforced  (18.6  ft  lbs) 


Monolithic  (0.5  ft  lbs) 


Charpy  impact  at  75®  F 


CO 

o 


O) 

c 

« 


u 

(Q 

a 

E 


10 
8 
6 
4 

2 
0.5 

Si3N4  Si3N4-Ta 


Shattering 

Cracking 

: in 

Ballistic  impact  at  2400®  F 


|{8QK3fS»er*0< 
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Thermal  Shock  Characteristics  of  Si3N4 
and  Si3N4  -Ta  Composites 


i 

I. 

[ 


• Heating  test  samples  in  air  to  temperatures  from 
400^  C to  14000  C followed  by  quenching  in 
cold  water. 

- Si3N4  plate  of  1 / 8 in  x 5 / 8 in  x 11  /4  in  dimensions 
withstood  a AT  of  up  to  600O  C with  little  or  no 
damage  or  loss  in  properties,  using  either  5%  MgO 
or  10%  Y2O3  additives.  Initial  test  on  Si3N4-Ta 
plates  showed  that  a AT  of  greater  than  600°  C 
was  necessary  to  cause  damage 

Si3N4-Ta  Thermal  Shock  and 
Fatigue  Properties 

Thermal  shock 

• Increased  thermal  conductivity  for  Si3N4-Ta 
results  in  lOO^C  AT  increase  to  cause 
cracking  in  water  quench  thermal  shock  tests 

Thermal  fatigue 

• No  change  in  thermal  fatigue  characteristics 
for  Si3N4-Ta  vs.  monolithic  Si3N4.  Both 
materials  can  withstand  over  600  cycles 
between  RT  and  1 300  °C  in  fluidized  bed  tests. 


Test 


Results 


t 


Thermal  Conductivity  vs  T emperature  for  T a 
Reinforced  Si3N4  and  Norton  NC-132  Si3N4 


Thermal  conductivity 
(W/m-OK) 


Si3N4  + 15%Y203-25  voI  %, 
25  mil  Ta  composite 


NC-132  Si3N4  (Norton  Co) 


_L 


0 200  400  600  800  1000  1200 

Temperature  - ©C 


;r  09  36  4 


Fracture  Mechanics 


Notched  beam  tests 

RT  critical  stress  intensity  factor  (K,c)  of  Si3N4.Ta  higher 
than  matrix  alone.  (8.57  MN/m3/2  vs  6.75  MN/m3/2  ). 
Si3N4  -Ta  Kjq  at  1300  ®C  lower  than  matrix  alone. 

(5.36  MN/m3/2  vs.  8.00  MN/m3/2) 


Double  torsion  tests 


Crack  growth  rates  in  Si3N4-Ta  comparable  to  matrix 
(Y2O3  additive)  at  RT  and  1300  ®C. 


rr  os  er  6 


j 

i 

j 

i 
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Si3N4-Ta  Creep  Properties 


I 

3-pt  bend  at  constant  stress  of 
15,000  psi  and  1300  °C. 


Si3N4-Ta  steady  state  creep  rate 
of  9.2  X 10’^  hr  twice  as  good  as 
matrix  ( 1 .8x  1 0'^  hr) . Improved 
matrix  of  high  purity  Si3N4  +15%  Y2O3 
reinforced  with  Ta  wires  gave  even  lower 
rates  (1.5  x 10’®  hr). 

Si3N4-Ta  Liabilities 

Decrease  in  strength 

RT  MOR  1300  PC  MOR 

Si3N4-  15%  Y2O3  130  ksi  100  ksi 

Si3N4 +15%Y203  - 25%Ta  100  ksi  70  ksi 

Increase  in  density 

®'3*^4  15%  Y2O3  - 3.4  gms/cc 

S*3N4  +15%  Y2O3  + 25  vol%  Ta  - 6.7  gms/cc 

Decreased  oxidation  resistance 
Increased  fabrication  difficulty 


RT  Tensile 
85  ksi 
25  ksi 


Test  - 


Results  - 


6.  FILAMENT  REINFORCED  GLASS-MATRIX  COMPOSITES* 


The  reinforcement  of  glass  matrices  with  advanced  filaments 
dates  back  to  the  late  1960-early  1970  period  when  both  boron 
and  carbon  fibers  were  utilized  successfully  to  form  high 
strength  composites.  At  that  time,  however,  the  much  greater 
emphasis  on  resin  and  metal-matrix  composites  tended  to  retard 
progress  in  this  area.  The  recent  resurgence  of  interest  in 
ceramics  and  intermetallic  compounds  as  structural  materials, 
as  well  as  the  great  Interest  in  achieving  composite  materials 
with  higher  use  temperatures,  has  warranted  a reexamination  and 
extension  of  glass-matrix  composite  technology. 

Four  continuous  high-performance  filaments  are  currently 
being  used  to  reinforce  glass-matrix  composites:  two  large 
diameter  monofilaments  (boron  and  silicon  carbide)  and  two  multi- 
filament yarns  (carbon  and  alumina).  It  can  be  shown  that  the 
use  of  each  of  these  fibers  provides  unique  advantages  and,  in 
some  cases,  disadvantages  to  the  resultant  composite. 

The  mechanical  properties  of  these  systems  are  discussed 
and  it  is  shown  that  very  high  levels  of  axial  tensile  strength 
can  be  achieved  over  a wide  range  of  temperature.  These  strength 
levels  exceed  those  of  any  currently  available  composites  at  tem- 
peratures above  i<00°C  on  both  an  absolute  and  specific  (strength 
divided  by  density)  basis.  Of  even  greater  possible  significance 
is  the  demonstration  of  composite  fracture  toughness  equivalent 
to  that  of  metallic  engineering  alloys. 


Contributor:  K.M.  Prewo. 


At  present,  it  Is  perhaps  too  early  to  predict  the  future 
of  glass-matrix  composite  applications.  The  current  interests 
in  alumina  fiber  reinforced  glass  as  a radome  material,  and 
graphite  reinforced  glass  for  high-temperature  structures,  are 
still  only  emerging.  It  will  require  significantly  more  in- 
terest and  time  on  the  part  of  designers  and  materials  scientists 
to  find  the  unique  combination  of  material  and  application  that 
will  lead  to  the  first  engineering  use.  This  is,  however,  as  it 
has  always  been  for  new  composite  systems. 
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Pravlout  Work 


• Boron  rolnforood  glntt 

• Slofort  1B7Mf74 

• Carbon  rainforcad  f laat 

• Bamball  and  Bhilllpa  1872>ie74 

o Carbon  rainforotd  lithium  alumlnoalllcata 

• Lavitt  1873 


Why  Look  at  QIaaa 
Matrix  Composites  Again? 

Naw  and  lowar  coat  fibara 

Advanced  atatua  of  oompoalta  material  technology 

flaaurganca  of  intaraat  In  oaramica 

Intaraat  In  uaa  of  Intarmatalllo  compounda 
(TIAI,  TI3AI) 


too 

I 

\ •• 

g 00 


• •l.t  taran  • 7740  flMt 

• M«>l.th«M'7740flaM 
A M»>  1.7  MMIO’ 7740  III 


0 too  400  000 

7441  t4m04r4Uir4  C40) 

O^OIM 

k.  MMnMr*Oa.^ 

M m-« 

3-pt  B«nd  ttrtnoth  In  Air  vt  Tnmptratiim  for 
Pyiox  7740  GtoM  • 6.6  Ml  8iC  Oonpooite 


rPyfM<t>Mvii« -41100 

I Jttoo 


MdKWQ  140 
ItO 
100 

•0 


MvolOilCObir 


1000  MQII 

too  CM0«l 
too 

700 


100t00000400l00i00700l 

T4MP«G 


Notched  Beam  Load  va  Displacement  Curves  for 
Pyrex  7740  QIms/35  voI%,  5.6  Mil 
SIC  Composite 

laoi : — 

ktlvCt: 

100  - / S eoo^c,  I(|C>13>1  W'liC 


Load(lb«) 


Ham  Otaptaewnant  • OilO'*  ln./dlv 


Flexural  Strength  of  Hercules  HMS-10K  Fiber 
Reinforced  7740  Glass  as  a Function 
of  Test  Temperature 
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Fracture  Toughnaat  Specimen  Test  Data 
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Future  of  Qleee  Matrix  Composites 


• Aclvmtag«t 

• HighOOUTt 

• HIghar  UM  ttmptratvrt 

• Environmantal  atablllty 

• Low  <lanalty 

• Low  coat  matarlala 


a Llmltallona 

• Low  goo  UTS 
t Low  fallura  atrain 
t Fabrication  conditlona 
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7.  GENERAL  TECHNOLOGY  OF  CERAMIC  COMPOSITES* 

A general  review  is  given  of  the  emerging  concepts  of  re- 
inforcement toughening  of  ceramics  together  with  some  historical 
background.  Criteria  are  given  as  guidelines  in  modeling  such 
composites.  One  major  reason  for  prior  unsatisfactory  efforts 
to  fabricate  composites  has  been  the  use  of  large-size  particles 
or  fibers.  A general  rule  of  thumb  is  that  this  size  must  be 
significantly  smaller  than  the  critical  flaw  sizes.  Some  of  the 
present  theories  of  reinforcement  toughening  are  given  and  some 
supporting  data. 

A short  discussion  of  fabrication  techniques  is  also  given. 
Two  concepts  that  appear  attractive  are  sol-gel  processing 
(where  possible)  and  polymer  pyrolysis.  For  the  lattei'  process 
(forming  ceramic  fibers  in  situ  by  pyrolyzing  organic  fibers), 
copyrolysis  is  possible  and  offers  some  potential  flexibility 
in  incorporating  different  kinds  of  fibers  into  the  same  matrix. 

While  the  following  vugraphs  are  not  annotated,  they  are 
self-explanatory . 


Contributor:  R.W.  Rice. 
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CONCEPTS  FOR  "TOUGH"  CERAHIC  COHPOSITES 


‘older: 

1)  Crack  stoppers:  Pores,  Particles,  Fibers 

a2 

2)  Reduce  E or  — 

3)  Wire  or  fiber  reinforcement 

‘newer: 


He  :hanism 
Reinforcement 

Energy 

Absorntion 

Toughening  at: 
R.T.  H.  T, 

1) 

Fine  fiber  toughening 

X 

X 

H 

M 

2) 

Flberous  pullout 

X 

H 

M? 

3) 

Phase  transf ormatiO'n 

X 

H 

L 

4) 

Line  tension 

X 

L 

5) 

Microcracking 

X 

H 

L 

6) 

Dispersion  strengthening 

X 

L 

H 

‘Not  to  be  confused  with  second  phase  control  of  microstructure. 


Wire  Re i nf orced 


Ceram i cs* 


Ballistically  Tested  Alumina  Specimen 


*After  Johnson  & Morgan 
AFML-TR-70-54,  Part  I I 


/ i c 


Ballistically  Tested  Alumlna-NIchrome  Wire  Mesh 
Composite,  1 16x16/1n  Wire  Meshes 
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Ballistically  Tested  Aliaalni'Nlchrsmt  Hire  Mesh 
Composite,  3 Sxl/ln  Meshes 
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Earlier  Ceramic  Particulate  Composites 


*After  Rossi,  Aerospace  Corp. 


Ef  > E,^  i ncrease  » \ 

increases  cr  J 


1) 

Modulus  limitation 

2) 

Large  particle  or 

fiber  problem 

, particle  or  1 

fiber-matrix  interface  acts  as 

flaws 

Typical 

F i ber 

Process 

D i ameter  (i-(m  ) 

Metal 

Drawn 

25-200 

Glass , A 1 2® 3 

B,  Sic,  B4C, 

Melt  drawn 

50-250 

T iB2 

CVD 

50-300 

C,  AI2O3,  Sic 

Pyrolys i s 
Sintering 

5-20 

Common  ceramic  flaw  sizes  20-50^i 
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LIMITATIONS  OF  OLDER  CERAMIC  COMPOSITES 


1.  Modulus  limitations. 

2.  Large  particles  or  wires  acted  as  flaws  - 

low  strength,  limited  toughness  increase. 

3.  Matrix  flaws  controlling. 

4.  Lack  of  synergism  between  matrix  and  fibers. 

5.  Lack  of  oxidation  resistant  fibers. 


B SMALL  CRACK-PARTICLE 
INTERACTION 


A LARGE  CRACK- 

PARTICLE  INTERACTION 


/SAMPLE 
I SURFACE 


y + ^ 


V L I SURFACE 

/ ^INITIAL 

/ FLAW 

FLAW 

INTERACTING 
WITH  FIRST  PARTICLE 

, . 2' To 


r * FLAW  RADIUS 

• MATRIX  FRACTURE  ENERG.Y 
d « PARTICLE  SPACING 
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CRITERIA  FOR  CERAMIC  PARTICLE  COMPOSITES 


1)  Small  particle  size 

2)  Medium-high  particle  density  (small  particles) 

3)  Particle  spacing  > particle  size 

4)  Control  microcracking 

n i 12  _21 

(a  6 ) 2 E <S2S> 


STRENGTH  (ksi) 


CERAMIC  COMPOSITES 


Composition 

Approx. 

Porosity 

% 

E 

10®DSi 

'‘ic 

MN/m^/^ 

JL  II 

(ksl) 

1 

Thermal  Shock 
Resistance 
Quench  / Laser 

AI2O3-30  v/o  BN 

4 

28 

4-4.5  3 

20-30 

Exc/850 

Exc . 

AI2O3-5O  v/o  BN 

11 

30 

2.3  1.3 

12-15 

Exc/lOO 

Exc . 

AI2O3-3O  v/o  CSZ 

4 

3.9 

40-50 

Poor/200 

AI2O3-30  v/o  USZ 

4 

3.9 

10-30 

Poor/250 

Falr/400 

Good 

B.C-50  v/o  C + 

^ 5 v/o  AI2O3 

5 

20-30 

Falr/600 

Exc/1000 

Exc  . 

COMPARATIVE  THERMAL  SHOCK  BEHAVIOR 
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Of  QxiniMTE  tiARnn  nTBRlxtri 
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COMPARATIVE  RAIN  EROSION  RESISTANCE  OF  RADOHE*  MATERIALS 


Material 

Pyroceram  9606 
Fortified 

Alumina 

70  AlgOg-  30  BN 

60  AlgOg  - 40  BN 

50  AljjOg  - 50  BN 

Slip  Cast  Fused 
Silica 


Time  to  Damage 

10  min. 

S min. 

1 min.  35  sec. 
1 min. 

30  sec.-  1 min 
40  sec. 


Condition  of  Samples 

Limited  erosion 

Limited  erosion 

Considerable  erosion,  failure 
througb  delamination/oracklng 

Cracks  formed 
Cracks  formed 
Cracks  formed 


* Run  at  Bell  Aerospace  Division  of  Textron 
Rain  Field:  1 In/hr  (90°  to  rain) 

1.8-2  mm  Avg,  drop  size 
Velocity  - 732  ft/sec 
20  In.  vacuum 


Table  1 

COMPARISON  OF  BaC-C  COMPOSITES  AND  GRAPHITE 


Property 

Dens  i ty 
gm/cc 

AH 

vap 

KJ/gm 

B^C-50  v/o  C 

iH 

1 • 

CM 

1 

1 

50 

ATJS 

1.8 

==  45 

V i ckers 

Room  Temp. 

Hardness 

Flexural 

kg/mm2 

Stress 

(gm  load) 

(1000  ps i 

200 

20-30 

12 

6-8 
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SOL-GEL  PROCESSING 


SOL  (e.g.  AlO(Oll)  SOLUTION) 


DRY 


GEL 


CERAMIC:  e.g.  AlgOg  <~- 


PYROLYSIS 


rlilj  — — 

< 


FORM 


ADVANTAGES: 


1)  PURE  MATERIALS:  STARTING  MATERIALS  CAN  BE  FILTERED, 

DISTILLED,  "TEST  TUBE”  ENVIRONMENT  PREVENTS  CONTAMINATION. 


2)  HIGHLY  REACTIVE 


->  LOWER  SINTERING  TEMPERATURES. 


3)  INSPECTION  - TRANSPARENCY. 


4)  MOLECULAR  MIXING  IN  SOL  FOR  COMPOSITES  MIXED  COMPOUNDS  AND 
DOPANTS , 

OR 
I 

OR SI  — O — AI 

OR 


OR 


e.g.  : 

5)  SOLID-SOL  MIXING-COMPOSITES 


CERAMICS  FROM  POLYMER  PYROLYSIS 


SHAPED  POLYMER 


.^50DEL;  GLASSY  CARBON 
I 

- C- 

H I n 


SHAPED  CERAMIC 
INITIAL  APPLICATION: 


B,jC  + SiC: 


I I 

- C — C - C — 


— C- 

j 


I 

H 


- C - 


10  2 ‘lO 


cn„ 

ClI. 

1 " 

1 ' 

Si  — 

0 - Si 

1 

CH3 

1 

ClI, 

INTERACTIONS: 

UNIQUENESS: 


K.  WYNN  (ONU),  W.  FOX  AND  P.  NORDQUIST,  NRL 


FINE  PORE  SIZE,  UNIQUE  MICROSTRUCTURE , COMPLEX 
SHAPES,  PROPERTIES 


ADVANTAGES: 

APPLICATIONS: 


PURITY,  SiuAj'ING.  LOW  TEMPERATURE,  FREEDOM  FROM 
ADDITIVES,  IN  SITU  COMPOSITES 


COMPOSITES,  FIBERS,  ELECTRONIC  MATERIALS 

CERAMIC  COMPOSITES 


Future 


Promi sing 
Needs 


1 . 

2. 

3. 

4. 


Property  prediction  of  phases 
Understanding  mechanisms 
Phase  data 
Processing 
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8.  INNOVATIONS  IN  CERAMIC  COMPOSITE  FABRICATION 
TECHNIQUES  AND  ASSOCIATED  TECHNOLOGIES* 

The  application  of  existing  innovations  to  new  fields  is 
defined  as  technology  transfer.  This  phenomenon  most  appropri- 
ately characterizes  the  present  situation  in  the  field  of  rein- 
forced ceramic  composite  materials.  Expertise  from  polymer 
synthesis  chemistry,  solid-state  physics  and  mechanics,  gas- 
dynamics,  thermodynamics,  and  kinetics  are  being  brought  to 
bear  upon  an  area  once  populated  only  by  ceramists. 

New  developments  in  reinforcing  agents  and  matrices,  when 
combined  with  a variety  of  processing  and  fabrication  techniques 
potentially  available,  result  in  an  extremely  large  set  of  com- 
posite variants.  The  following  discussion  attempts  to  sketch 
some  of  the  new  materials,  processes,  and  possible  material 
variants . 

A.  REINFORCING  AGENTS 

Conventional  reinforcements  most  commonly  conceived  are 
m.ultiple  filam.ent,  continuous  fiber  bundles  including  carbon, 
metal  oxide,  nitride  and  carbide  fibers,  superally  and  refractory 
metal  wires.  Specific  examples  would  include  carbon  fibers  of 
polyacrylonitrile,  rayon  and  pitch  heritage,  alumnla  fiber, 
boron  nitride  fibers,  silicon  carbide  fibers,  MAR-K5f9  wire 
and  tungsten  wire. 


Contributors:  E.L.  Paquette,  H.  Herman  (who  did  not  attend 

the  workshop)  and  C.F.  Cline  (whose  material 
was  not  available  for  inclusion). 
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In  addition  to  these  reinforcements,  in  eitu  whiskers. 


such  as  those  reported  by  Hulse  (Ref.  1),  and  ribbon  reinforce- 
ments, such  as  the  carbon  ribbons  developed  by  Proberg  (Ref.  2), 
demonstrate  the  potential  for  alternative  ref inforcements  whose 
properties  may  be  better  suited  for  a specific  application. 

Current  high-performance  polymer  composites  now  utilize  | 

blends  of  fibers  including  high-performance  carbon  and  such 
fibers  as  Kevlar  or  S-glass.  As  the  level  of  sophistication 
Increases  in  the  field  under  discussion,  similar  engineering 
or  economic  optimization  may  occur,  particularly  if  destructive 
interactive  phenomena  can  be  contained,  if  indeed  they  are  present. 

The  engineering  possibilities  resulting  from  this  approach 
are  multiple,  such  as  increasing  the  uniformity  of  composite 
response  to  changing  environmental  factors  ( temperatui’e , cyclical 
or  static  stress.  Impact  and  thermal  shock). 

The  heterogeneous  nature  of  the  composite  allows  isotropic 
materials  to  produce  anisotropic  composite  properties.  Geometry- 
dependent  thermal  expansion  and  conductivity  phenemona  are  fre- 
quently observed. 

B.  MATRICES  AND  PROCESSES 

Matrices  may  be  consolidated  through  the  use  of  powders  and 
solid-state  sintering,  gas-solid  diffusional  reactions,  gaseous 
infiltration  and  deposition  or  liquid  impregnation  and  in  situ 
pyrolysis . 

Current  work  by  Congdon  (Ref.  3)  or.  a pressure  slip  cast 
alumina/alumina  composite  (Sapphil  fibers  and  Linde  A alumina 
matrix)  demonstrates  increased  for  short  fibers  at  10  to  15 

volume  percent,  despite  lowered  densities  and  flexural  strength. 

Mazdeyasni  and  West  (Ref.  M will  report  on  liquid  infil- 
tration and  pyrolysis  process  research  using  high  molecular 
weight  silicon-containing  organic  polymers.  Significant  im- 
provements in  properties  of  porous  reaction  sintered  silicon 
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carbide  bodies  will  be  reported  by  them  at  the  September  25-28, 
1977  meeting  of  the  American  Ceramic  Society  at  Hyannls,  Massa- 
chusetts. 

Yajlma  et  al.  (Ref.  5)  have  reported  on  the  development  of 
SIC  fibers  from  a polycarbosllane  precursor  (M.W.sil200)  via 
pyrolysis  In  vacuum.  This  same  class  of  metal-contalnlng  polymer 
may  be  used,  as  Mazdeyasnl  and  West  have  done,  to  fill  the 
porosity  of  a porous  sintered  ceramic  body  or  a low  density 
composite . 

Gaseous  matrix  fabrication  techniques  Include  physical  and 
chemical  vapor  deposition  (CVD);  plasma  spraying  or  sputtering 
are  also  potential  deposition  techniques  applicable  to  thin 
laminates.  Chemical  vapor  deposition  has  been  applied  to  the 
surface  of  many  monolithic  ceramics  such  as  reaction-bonded 
Sl^N^^  to  Increase  oxidation  protection.  CVD  has  also  been  used 
to  rlgldlze  and  denslfy  fibrous  preforms. 

As  In  carbon-carbon  technology,  fiber-matrix  Interfaces 
will  be  critically  Important  In  terms  of  load  translation. 
Interface  corrosion  phenomena  between  dissimilar  materials, 
fatigue,  and  crack  propagation.  The  gaseous  techniques.  In 
particular,  are  generally  the  process  vehicle  of  choice  when 
diffusion  barriers  are  Indicated.  In  addition,  the  current 
generation  of  ceramic  fibers  Is  very  abrasion-sensitive  due  to 
the  generally  anisotropic  nature  of  the  filament  cross  section 
resulting  In  the  sheath  or  filament  perimeter  representing  most 
of  the  developed  fiber  strength.  Abrasive  processing  damage 
could  be  minimized  In  the  first  generation  of  composites  by 
avoiding  powder-based  matrix  materials. 

Riley  and  Wallace  (Ref.  6)  will  report  at  the  Sixth  Inter- 
national Chemical  Vapor  Deposition  Conference  In  October  [1977] 
on  the  fabrication  of  a tantalum  carbide-carbon  composite  formed 
by  tantalizing  graphite  fibers  via  CVD  and  subsequently  hot- 
pressing  to  form  a tantalum  carblde-matrlx-carbon  fiber  core 
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composite.  It  would  be  interesting  to  speculate  on  the  results 
attainable  if  hot  isostatic  pressing  was  applied  to  this  com- 
posite or  to  the  pyrolysis  of  a polycarbosilane-containing  com- 
posite . 

Econom.y,  Smith,  and  Lin  (Ref.  7)  reported  fabrication  of  a 
B^C  fiber-carbon  matrix  composite  using  six  miicron  B|^C  fibers 
and  furfuryl  alcohol  resin-derived  carbon  matrix  with  a CVD  SiC 
coating.  The  composite  demonstrated  interlaminar  shear  strength 
of  over  7000  psi  and  had  negligible  weight  change  (due  to  oxi- 
dation) when  statically  held  in  1000°C  air  for  over  30  hours. 
Replacement  of  the  carbon  phase  with  silicon  carbide,  which  has 
a nearly  idefvtical  thermal  expansion  curve,  could  lead  to  a re- 
liable oxidation-resistant  long-life  composite. 

In  the  longer  term,  more  sophisticated  ceramic  composites 
may  use  several  fabrication  processes  and  possibly  even  dis- 
similar matrix  materials  as  previously  mentioned  about  blended 
reinforcements . 

The  use  of  chemical  vapor  deposition  to  rigidize  a fibrous 
ceramic  body  prior  to  liquid  phase  impregnation  and  pyrolysis 
Immediately  comes  to  our  attention.  Other  sequences  or  choices 
of  materials  may  offer  processing,  economic,  or  applications 
Incentives . 

In  an  effort  to  maximize  the  data  obtainable  for  experimen- 
tally fabricated  composites  and  readily  -assess  their  performance 
potential.  Bird,  Newqulst,  and  Paquette  (Ref.  8)  will  report  at 
the  American  Ceramic  Society  Conference  at  Hyannis,  Massachusetts, 
on  predicting  properties  of  ceramic  composites  using  a micro- 
mechanics  model  originally  developed  for  carbon-carbon  composites. 

While  plasma  spraying  (and  more  generally,  thermal  spraying) 
are  thought  of  as  coating  techniques.  It  is  indeed  possible  to 
fabricate  a free-standing  form  using  this  method.  The  melting 
of  oxides  and  other  refractory  ceramics  is  easily  accomplished 
in  this  method,  the  spraying  parameters  being  readily  controllable 
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(e.g.,  gas  type  and  flow  rate,  power,  particle  size).  A limita- 
tion which  must  always  be  recognized  is  the  inherent  porosity 
that  will  result  from  spraying.  This,  however,  can  be  mitigated 
somewhat  by  spraying  in  a controlled  atmosphere  or  vacuum  and 
by  a Judicious  choice  of  particle  size.  This  problem  of  porosity 
will  not  easily  be  made  to  go  away  and  the  best  approach  may  be 
to  consider  post-spraying  sintering,  pore  filling  or,  perhaps, 
laser  glazing  to  seal  the  surface  of  the  structure.  Hot  iso- 
static  pressing  may  be  appropriate  for  certain  high-performance 
products  having  the  proper  shapes. 

For  a moment,  let  us  consider  the  benefits  of  plasma  spraying 
A wide  range  of  ceramic  materials  has  been  sprayed  as  coatings. 
The  major  limitation  is  that  the  material  not  decompose  below  its 
melting  point.  Obviously,  most  oxides  and  carbides  are  sprayable 
and  large  numbers  of  composite  coatings  have  been  formed.  Some 
are  self-sealing  due  to  extra  heat-of-reaction  processes  occur- 
ring on  solidification.  The  greatest  amount  of  experience  has 
been  obtained  with  A1„G-,,  with  an  without  2r0„,  Y^0_,  etc. 

t ^ i—  ^ j 

There  are  a large  number  of  potential  applications  [cathode-ray 
tube  (CRT),  for  example]  where  both  coatings  and  bulk  products 
of  spray-formed  Al20^-Y202  could  be  used.  The  yttria  act  as  a 
glass  former,  giving  rise  to  a glass-ceramic  system  with  Improved 
properties.  We  have  found  that  TiO^  added  to  Al.,0-  has  a similar 
effect,  but  to  a lesser  degree. 

There  are  too  many  oxide  and  carbide  systems  to  consider 
here,  but  it  should  be  noted  that  under  proper  control  a com- 
posite could  be  formed  with  a precipitation-strengthened  matrix. 
Plasma  spraying  yields  highly  metastable  states,  and  extreme 
supersaturation  with  subsequent  heating  could  be  used  to  create, 
for  example,  spinodal  decomposition,  ultrafine  glass-ceramic,  etc 

Powder  preparation  is  a significant  issue  affecting  plasma 
spraying,  because  the  melting,  transport  properties,  and  solidi- 
fication processes  depend  Importantly  on  particle  size.  Thus, 
one  may  mix  and  spray  two  particle  types  that  differ  greatly  in 
size,  and  obtain  an  interesting  composite.  Particle  size  and. 


A-i4  8 


to  an  extent,  particle  shape  must  be  considered  in  the  larger 
context  of  controllable  spray  parameters.  There  are  possibil- 
ities, also,  for  decreased  expense  through  the  use  of  naturally 
occurring  minerals. 

The  mechanical  properties  of  ceramics  that  have  been  formed 
by  plasma  spraying  have  received  limited  attention.  As  a facing, 
the  plasma-sprayed  oxide  or  carbide  works  well.  The  pores  are 
frequently  sealed  by  the  plasma  torch,  but  laser  glazing  could 
be  used  more  effectively  in  a controlled  manner.  In  the  free- 
standing form,  consideration  must  be  made  of  the  occurrence  of 
microcracking.  The  literature  now  contains  numerous  reports  on 
this  matter,  especially  as  how  it  affects  thermal  stress  resist- 
ance. Microcracking  can  lead  to  an  increased  strain-to-fracture , 
which  is  what  one  generaly  is  attempting  to  do  with  ceramics. 
Plasma-sprayed  bodies,  almost  by  definition,  contain  a large 
number  of  mlcrocracks.  These  structures  (at  least  in  the  coating 
form)  are  stronger  than  would  be  expected.  It  may  be  thus  that 
the  improved  strength  characteristics  of  an  Al^O^-ArO^  plasma- 
sprayed  coating  may  be  due  to  process-induced  mlcrocracks.  The 
impact  and  erosion  resistance  of  plasma-sprayed  free-standing 
forms  may  then  be  improved  by  the  very  presence  of  the  micro- 
defects  . 

There  are  a number  of  European  organizations  currently  in- 
terested in  free-standing  bulk  forms  created  by  plasma  spraying. 
Harwell  in  the  United  Kingdom  is  developing  these  products  of 
AI2O2  and  ZrO^,  and  these  are  claimed  to  be  of  high  densi*-y. 

FIAT  has  recently  developed  an  Interest  in  lazer-glazlng  plasma- 
sprayed  products,  and  a member  of  the  staff  of  their  research 
laboratories  indicated  that  he  is  interested  in  applying  this 
process  to  free-standing  forms  also.  Aluswlss  in  Zurich  has 
created  an  entire  line  of  free-standing  form,  but  no  work  is 
apparent  on  ceramic-matrix  composites  formed  in  this  manner. 
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In  summary,  existing  processes  and  technologies  adapted  or 
transferred  to  the  field  of  ceramic  composites  can  reduce  the 
development  time  scale  and  attendant  expense  to  a fraction  of 
the  effort  expended  to  date  on  carbon  and  boron  fiber-derived 
composite  families. 
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9.  APPLICATIONS 

A.  DoD  APPLICATIONS  FOR  CMCs* 

Specific  applications  are  recommended  which  have  the  po- 
tential for  making  a major  impact.  At  temperatures  less  than 
700®C,  recommendations  are: 

1.  Lightweight  arm.or  to  defeat  kinetic-energy  penetrators 

2.  Antenna  windows 

3.  Radomes 

A possible  armor  configuration  consisting  of  multiple  layers  of 
steel/ceramic/graphite-epoxy  is  suggested  where  the  ceramic 
layers  could  be  fiber-reinforced.  Improved  strength  in  such 
CMC  layers  could  significantly  improve  the  performance  of  the 
armor  with  respect  to  ability  to  fragmentate  projectiles  while 
sustaining  minimum  overall  armor  damage.  The  development  of 
woven  and  impregnated  SiO^/SlO^  and  EN/BN  composites  is  already 
well  advanced  and  on  the  way  to  successful  application  in  antenna 
windows.  This  is  a good  example  of  the  successful  reinforcement 
of  a bulk  ceramic  material  to  Improve  mechanical  strength  and 
toughness  to  withstand  moderate  structural  loads  and  temperatures. 
Improved  radome  materials  are  needed  for  ballistic  missile  in- 
terceptors to  withstand  high-C  loadings  due  to  rapid  accelera- 
tions and  maneuvering.  Fiber-reinforced  glasses  are  of  great 
Interest  here  and  some  consideration  should  also  be  given  to 
fiber-reinforced  ceramics  such  as  silicon  nitride. 

1 

Contributors:  J.W.  Warren  and  R.T.  Pepper  (who  was  not  in 
attendance ) . 
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At  temperatures  greater  than  700°C,  recommendations  are  to 
concentrate  on  the  high-temperature  highly  stressed  turbine 
blades  and  vanes  of  small  engines.  Large  sums  of  money  have 
been  expended  on  the  development  of  ceramics,  such  as  Si^N^  and 
SIC,  aimed  at  increasing  the  operating  temperature  of  turbines 
to  the  2500®F  regime.  The  available  ceramic  materials  (Sl^N^ 
and  SiC)  are  inadequate  on  their  own  to  meet  the  2500°F  goal. 
SiC  has  good  creep  strength  but  low  toughness,  and  Sl^N^  has 
good  toughness  but  low  creep  strength.  Composites  combining 
fibers,  such  as  SIC  and  a Sl^N^  matrix,  may  have  an  excellent 
combination  of  strength  and  toughness  and  may  be  a solution  to 
the  turbine  blade  and  vane  problems. 

Specific  applications  such  as  the  above,  which  have  high 
payoff  potential,  should  be  chosen  as  a motivation  for  funda- 
mental and  applied  development  programs  aimed  at  demonstrating 
the  technology  of  ceramic-matrix  composites. 
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SPECIFIC  D.Q.D.  APPLICATIONS  WHERE  C.M.C. 

MAY  MAKE  A MAJOR  IMPACT 

PHILOSOPHY  FOR  APPLICATIONS  >700°C 

• Initial  development  and  fabrication  costs  will  be  high  and 

APPLICATIONS  HAVING  CRITICAL  PROBLEMS  WITH  HIGH  PAYOFF 
POTENTIAL  SHOULD  BE  SELECTED  FOR  TECHNOLOGY  DEMONSTRATION. 

0 To  MINIMIZE  COSTS  DEVELOPMENT  WORK  SHOULD  CONCENTRATE 
ON  RELATIVELY  SMALL  ENGINES  SUCH  AS  MAY  BE  USED  ON  THE 
CRUISE  MISSILE. 

SPECIFIC  D.Q.D.  APPLICATIONS  WHERE  C.M.C. 

MAY  MAKE  A MAJOR  IMPACT  >700OC 

High  Temperature  Highly  Stressed  Rotating  parts  such  as  Turbine  Blades  and  Vanes. 

PROBLEMS: 

HAS  GOOD  TOUGHNESS  BUT  INADEQUATE  CREEP  STRENGTH. 

SiC  HAS  GOOD  CREEP  STRENGTH  BUT  INADEQUATE  TOUGHNESS. 

SOLUTION: 

Reinforce  SijN^  with  SiC  fibers. 

HIGH-PERFORMANCE  C.M.C.  MATERIALS 
SYSTEMS  ENGINEERING 

The  success  or  failure  of  high-performance  composite  materials 
IN  competition  with  conventional  materials  will  not  depend  upon 
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B.  ADDITIONAL  DISCUSSION  OF  APPLICATIONS  FOR  CMCs» 

The  most  immediately  obvious  application  for  ceramic  com- 
posites are  as  hot  section  components  in  advanced  heat  engines. 
As  obvious  as  this  application  is,  it  should  not  be  denigrated 
due  to  the  payoff  or  return  on  Investment  potentially  available; 
in  fact,  some  of  the  returns  are  not  immediately  obvious.  Helm 
of  Detroit  Diesel  Allison  and  Kamo  of  Cummins  Engine  believe 
that  the  maintenance  savings  due  to  the  elimination  of  the 
cooling  system  on  ceramic  diesels  would  Justify  the  research 
effort,  irrespective  of  efficiency  gains.  In  addition  to  ce- 
ramic turbine  components  and  Stirling-cycle  heater-head  tubes, 
many  other  applications  exist,  including: 

• Heat  Exchanger  Tubes 

Particularly  demanding  application  would  be  ceramic 
heat  exchanger  for  a lightweight  compact  closed- 
cycle  Brayton  system  on  board  naval  vessels 

• Mechanical  Plasma  Limiter  Plates  and  First  Wall 
Materials  for  Fusion  Reactors 

• Combustors 

HHD  hot  wall  combustors 

Hot  solid  fuel  dispersion  devices 

• Hot  Gas  Valve  Components  for  MHD  Regenerative  Air 
Preheaters 

• Plate  Filters  for  Dirty  Combustion  Gases 

• Hot  Engine  Seals  and  Submarine  Main  Shaft  Seals 

Weapons  applications  include: 

• Nosetlp  and  Leading-Edge  Applications  for  Hypersonic 
Vehicles 

• Radom.es 

• Armor  Penetrators 

• Gun  Barrel  Liners 

• Beam  Weapon  Armor  and  Ceramic  Armor 

• Converging/Diverging  Nozzles  for  Propulsion,  Lasers, 
Fluid-Cooled  Reentry  Nosetlps 

1 

Contributor:  E.L.  Paquette. 
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Industrial  applications  include: 

• Ceramic  Tools  for  In-Furnace  Assembly  Operations, 
Maintenance,  etc. 

• Unique  Kiln  Furniture 

• Molten  Corrosives  Transport  and  Containment 

• High-Duty  Abrasives,  All-Ceramic  Tool  Bits 

• High-Temperature  Friction,  Wear,  and  Corrosion 
Applications 

• Orthopedic-Match  Modulus  of  Natural  Bone  and  Provide 
Compatible  Substrate  for  Calcium-Rich  Glass/Bone 
Interface 

• Waste  Products — Production  of  glassy  aluminum  silicate 
fibers  from  coal-derived  fly  ash 

• Primary  Application  as  an  Insulation  Material  (but 
also  has  potential  to  elim.lnate  all-stone  aggregate 
so  that  a very  low-cost  all-waste  concrete  can  be 
developed ) 

• Structural  Cement  Vessels — Including  tanks,  pipe, 
and  castable  boat  or  ship  sections 
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Specific  Return  on  Investment; COMMERCIALIZAIIM 


DATA: 

2000  MWjhermal  CYCLE  f^HD  Baseline  Plant* 

Copper  water  wall  cooling  flows: 

3^377,303  lbs/hr  WITH  50.5  Rtu/lb  enthalpy  rise. 

CONCLUSION:  Combustor  cooling  results  in  a 2.5% 

TOTAL  SYSTEM  ENERGY  LOSS  TO  COOLING  H9Q. 

Hot  wall  combustor  operating  at  2il00^F  rather  than 

690°F  WILL  REDUCE  ESTIMATED  COOLING  LOSS  TO  1.5% 

OF  TOTAL  SYSTEM  ENERGY  INPUT. 

The  1,2%  savings  is  equivalent  to  26,000  tons  of 
COAL  per  annum  AT  100%  OF  DESIGN  PLANT  LOAD  AND 
80%  AVAILABILITY. 

Present  value  of  these  savings  over  a 30  year  system 
LIFE  AT  CURRENT  PRICES  OF  $19.36/T0N  OF  COAL  IS 
$4,750,000  PER  BASELINE  PLANT. 


*AlL  DATA  ABSTRACTED  FROM  PAPER  BY  VI. D.  .JaCKSON,  EI  AL.  . 
"Development  of  a Baseline  Reference  Design  for  an 
Open  Cycle  I^HD  Power  Plant  for  Commercial  Service," 
15th  Symposium,  Engineering  Aspects  of  MHD,  University 
OF  Pennsylvania,  May  24-26,  1976. 


10.  OVERVIEW  OF  SOVIET  CERAMIC  COMPOSITE  TECHNOLOGY* 


The  Soviet  Union  is  a leading  country  engaged  in  develop- 
ment and  processing  of  engineering  ceramic  materials.  Soviet 
Interest  in  ceramic  composite  materials  has  avalanched  in  the 
past  ten  years  as  evident  from  the  number  of  publications  and 
patents.  The  current  emphasis  does  not  appear  to  be  decreasing. 
Analysis  of  their  research  suggests  that  the  Soviets  have  an 
extensive  developmental  program  under  way  to  synthesize  advanced 
composite  materials  based  on  ceramics  (Fig.  1).  Synthesis  of 
both  ceramic  whiskers  and  filaments  has  been  noted  in  addition 
to  their  incorporation  into  ceramic  matrix  composites.  Such  a 
program  would  be  based  on  a wide  range  of  inorganic  fibrous 
materials  with  extraordinary  properties  and  on  an  increased 
understanding  of  ^he  mechanics  of  brittle  matrix  materials. 

The  USSR  possesses  a well-developed  basic  technical  capability 
to  utilize  engineering  ceramic  materials  for  unique  structural 
applications  required  by  the  military:  optical  and  microwave 
windows,  missile  radomes  and  nose  cones,  lightweight  structural 
engineering  members,  bearings,  gas  turbine  components,  and 
protective  and  thermal  control  coatings. 

At  least  19  institutes  have  been  identified  as  conducting 
research  on  ceramic  matrix  and  fiber  materials  (see  Fig.  2 and 
Table  I following  the  figures).  Since  the  early  1960s,  the 
Soviets  have  initiated  various  R&D  program.s  involving  ceramic 
fibers/whiskers  and  ceramic-matrix  composite  materials  (Figs. 
3-13) • The  work  has  significantly  increased  since  about  1970 


Contributors:  W.J.  Dover  and  C.A.  Petschke  (who  was  not  in 
attendance ) . 
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as  Judged  by  a review  of  their  scientific  literature.  For 
example,  at  least  51  Soviet  author  certificates  have  been 
publicly  released  between  1970  and  1976  (Pig.  14).  Before  1970, 
ceramic  composite  work  was  reported  relatively  Infrequently. 

The  Soviets  clearly  recognize  the  advantages  of  strengthen- 
ing monolithic  materials  by  combination  with  fibers.  The 
primary  advantage  is  the  use  of  the  resulting  composite  at 
higher  temperatures  than  the  matrix  alone  (Figs.  15,  16).  Also, 
the  Soviets  clearly  recognize  that  much  work  is  required  if 
fiber-reinforced  glasses  and  ceramics  are  ever  to  become  accept- 
able replacements  and  viable  design  alternatives  to  more 
conventional  metallic  materials.  The  Soviets  are  also  active 
in  the  development  of  carbon-carbon  composites  (Fig.  17). 

The  overall  evidence  indicates  that  the  Soviets  are  strong 
in  theoretical  work  and  weak  in  practical  applications.  The 
resources  allocated  to  the  field  of  ceramic  composites  are 
impressive,  but  the  overall  results  have  been  disappointing, 
at  least  from  the  standpoint  of  developing  new  and  practical 
applications.  A significant  amount  of  what  the  Soviets  have 
published  tends  to  be  repetitive  and  perhaps  can  best  be 
described  as  derivative  rather  than  original.  In  other  words, 
analysis  suggests  that  roughly  a quarter  of  their  effort 
appears  to  be  devoted  to  reviewing  the  work  of  others.  Never- 
theless, the  Soviets  are  bringing  a large  amount  of  resources 
to  bear  on  developing  ceramic-matrix  composite  materials.  The 
precise  extent  to  which  they  have  been  able  to  make  these 
materials  and  use  them  remains  unknown.  However,  no  specific 
defense-related  connection  has  been  established,  yet,  for  the 
Soviet  work. 

The  translation  of  whisker  properties  into  composites  has 
not  been  successful  worldwide,  primarily  due  to  fabrication 
difficulties  such  as  sorting,  alignment  or  dispersion,  and 
quality  control  problems.  It  is  believed  that  short  ceramic 
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fibers  or  whiskers  probably  would  meet  Soviet  needs  of  moderate- 
strength  but  low-cost  composites  for  complex  shapes.  These 
materials  are  not  in  direct  competition  with  modern  filamentary 
composites  such  as  those  employing  boron,  silicon  carbide,  or 
graphite  fibers.  Soviet  capability  exists  for  synthesis  of 
whisker-reinforced  ceramic-matrix  composites  (Figs.  1^<,  15,  18); 
however,  large-scale  production  of  reliable  structural  components 
to  meet  design  needs  is  questionable  because  of  general  Soviet 
deficiencies  in  fabrication  know-how. 

In  order  to  effectively  apply  brittle  ceramics  as  critical 
load-bearing  components,  sophisticated  design  methods  must  be 
developed.  Recent  Western  work  has  been  exploring  the  use  of 
fracture  m.echanics  in  evaluating  and  designing  brittle  structures 
It  has  only  been  in  the  past  few  years  that  the  Soviets  have 
reported  on  modern  fracture  mechanics  theories  of  brittle 
materials  components  designed  to  withstand  m.echanical  and 
thermal  stresses.  Analysis  of  Soviet  publications  indicates 
that  they  are  closely  monitoring  Western  programs  on  brittle 
materials  design.  It  is  likely  that  in  recent  years  the  Soviets 
have  extended  their  composite  fracture  mechanics  research  to 
include  the  study  of  ceramic  composite  material. 

It  is  evident  that  the  Soviets  are  active  in  the  develop- 
ment of  high-performance  ceramic  materials  (Fig.  19).  There 
is  no  indication,  however,  that  the  Soviets  have  advanced  out 
of  the  basic  or  exploratory  stages  of  the  development  of  these 
materials . 
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FIGURE  1 

SOVIET  CERAMIC  FIBERS 


Recognize  strength  retention  at  high  temperature 

R&D  ACTIVITY  - POLYCRYSTALLINE  FILAMENT 
MULTIPHASE  FILAMENT 
MONOCRYSTALS  (WHISKERS) 


Goals  set  in  1976-80  Five-Year  Plan 


Institute 


figure  z 


Institute  of  Problems  in  material  Science 

Baykov  Inst  of  Hetallurgy 
Inst  of  Aviation  Materials 
Voronezh  State  univ. 

Moscow  Chem-Tech  Inst 

Inst  of  Crystallography 
laboratory  of  Basalt  Fibers,  Kiev 


Reinforcement 


Whisker 


AlN 

SiC,  Al20j 

BeO,  MgO,  SiC 
AliI 


Fiber 

SiC 

SiC,  Al20^ 
SiC,  AL2O3 


AlN,  T1O2 


Basalt 
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SAPPHIRE  MHISKERS  - EARLV  1960s 
alpha-AljOj  filamentary  crystals  - 1969 

CONTINUOUS  MONOCRYSTALLINE  9L20j  FILAMENTS  IN  Tl  MATRIX  - 1972 
AL2O3  fiber  extrusion  PROCESS  LESS  EXPENSIVE  THAN  US  PROCESS 
FIGURE  4 

W_LL  1TE_ SINGLE  CRYSTALS 


< DEVELOPMENT  PRIOR  TO  1979 

USED  WITH  METALLIC  AND  CERAMIC  MATRICES 

FURTHER  DEVELOPMENT  OF  MULLITE  EXPECTED 

FIGURE  5 
Silicon  Carbide 

1969  BETA  - SiC  WHISKERS 
1968  SURVEY  ARTICLES  ON  SiC  FIBERS 
COMPATIBILITY  STUDIES  OF  SiC  WITH  H,  T],  EPOXY 
DEVELOPMENT  OF  COMPATABLE  BARRIERS  FOR  SiC  IN  METAL  MATRIX 
1975  FORMATION  OF  SiC  VIA  LASFr  HEATING 

riGURF  F 

Silicon  Carbide  Production 

PRODUCTION  conditions  IN  OPEN  LITERATURE 

tensile  strengths  690  MPa  • US  values 

Soviet  interest  in  plasma  formation  of  matrix  with  SiC  fiber 

Soviet  SiC  work  follows  US  lead 
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Zirconium  Dioxide 

AcicuLAR  Zr02  monocrystals  in  Zr02 

I 

INCREASED  THERMAL  SHOCK  RESISTANCE 

FIGURE  8 

Aluminum  Nitride 

1970  ACTIVE  WHISKER  R&D  PROGRAM 

1971  USE  IN  POLYMERIC  MATRIX 

1973  ESTABLISHMENT  OF  NEW  PRODUCTION  FACILITY 

AlN  DEVELOPED  FOR  USE  IN  COMPOSITES 

FIGURE  9 
Magnesium  Oxide 

i 

R&D  SINCE  mid-1960s 

i 

MgO  WHISKERS  IN  NgO  COMPOSITES  IN  1970 

OPTIMIZATION  OF  PRODUCTION  TECHNIQUES  IN  1974  | 

NO  Soviet  patents  for  these  whiskers  | 

A-63 

..  J 


t 


FIGURE  10 

fliNERAL  Fibers 

CONSIDERABLE  R&D  ACTIVITY  IN  COMPLEX  MIXED  OXIDE  TECHNOLOGY 
USE  OF  SLAG  WOOL  STAPLE  FIBERS  IN  SOVIET  COMPOSITES 

; Basalt  staple  fiber  production  in  mid-1960s 

Superfine  (0.5  jjm)  Basalt  production  technology  in  mid-1970s 

i Basalt  fibers  used  as  construction  material  and  reinforcement 

j in  plastics 

1 

I 

i 

Soviet  corporation  formed  to  transfer  technology  from  R&D 
into  industry 

FIGURE  n 

Synthetic  Asbestos 

EFFORTS  BEGAN  IN  EARLY  1960s 

SYNTHESIS  OF  FLUOROAMPHIBOLES 

POSSIBLE  PRODUCTION  OF  STABLE  FIBERS  FOR  SPINNING^  1972 
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FIGURE  12 


Typical  Reportfd  Fiber  Properties 


Ceramic 

Material 

Density 

g/cm^ 

Tensile 

Strength 

GPa 

''OUNF ' <? 

'‘’onuLus 

6Pa 

Diahfter 

JUM 

I.ENGTH 

MM 

00! 

“-AL9O7 

3.9 

5.6 

ii41 

3-60 

- 

1975 

Mullitf 

3.] 

1.7 

196 

0.3-5 

0.15-10 

1973 

ZrOo 

5.56 

0.?9 

- 

5-7 

0.15-0.25 

1979 

SiC 

- 

2.0 

'489 

100 

FIBER 

1973 

AlN 

- 

6.9 

320 

5-10 

9-20 

1970-79 

MgO 

- 

17 

- 

1-3 

30 

1976 

FIGURE  13 

Diffusion  Barriers 

SiC,  ZiC,  TiN,  and  ZrN  on  carbon 

FIBERS  FOR 
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2,  AND  BiJ  COATINGS  ON  W, 
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TiN  COATING  ON  W FOR  USE  IN  Nl  MATRIX 
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FIGURE  16 


ZRO2  WHbKERS  IN  ZrOj 
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CARBON/CARBON 


1970  - PATENT  FOR  C/C  COMPOSITE 

1972  - c/C  SUGGESTED  FOR  USE  UP  TO  2000°C 

1975  - C/C  AVIATION  BRAKES 
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FIGURE  18 


MULLITE  WHISKERS  IN  CERAMIC  M.ATRIC1ES 
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SUMMARY 

Active  RsD  program 

Some  ceramic  fibers  and  whiskers  are  produced  on  commercial  scale 
Extent  of  use  of  ceramics  is  unknown 
Composite  fabrication  technology  capability  is  questionable 
Soviets  appear  to  have  genuine  interest  in  development  of 

STRUCTURAL  CERAMIC  COMPOSITES 
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n.  OUTLINE  OF  NOTES  ON  WORKSHOP 

A.  MATERIALS  SYSTEMS 

For  atmospheric  temperatures,  perhaps  up  to  300°C,  and 
quite  high  temperatures  in  a nonoxidizing  environment. 

Oxide/refractory  metal,  fibre/oxide  matrix  composite, 
made  by  directional  solidification  of  eutectic. 

Fibres  to  be  kept  smaller  than  the  critical  flaw 
size  of  the  matrix. 

Examples:  VZ/ZrO^  stabilized  with  ^20^.  Fibres  are 
single  crystals,  0. 2-1.0  ym  in  diameter. 

KoGd^O^  doped  with  CeO^}  made  as  above, 
crushed,  then  hot-pressed.  (Strength 
1-2  orders  of  magnitude  greater  than  that 
of  the  oxide  alone.)  [Chapman,  Bradt] 

For  atmospheric  temperatures. 

Fill  porous  ceramic  with  polymer,  for  double  or  triple 
strength . 

For  temperatures  upward  of  1400°C. 

SiC/Si  Milled  SIC  plus  thermosetting  plastic, 

injection-molded,  reaction-sintered  with 

Si  provided  by  SiF^  (or  liquid  Si?)  [Whalen] 

[On  1^  September  1977,  Whalen  was  asked 
about  the  feasibility  of  adding  carbon 
in  the  final  stage  (to  use  up  the  excess 
Si)  in  the  manner  of  the  gas-carburizing 
of  steel.-  He  replied,  "We're  trying  that 
now."  He  thought,  however,  that  because 
the  SiC/Si  body  is  "fully  dense,"  the 
carburizing  would  be  confined  to  the 
surface . ] 
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For  temperatures  to  2500®C,  or  higher. 

C/kS  vol  pet  NbC  Hot-pressed  at  2850°C  or  more  for 

chemical  bonding. 

C/TaC  Graphite  woven  cloth  plus  Ta  from 

TaCl^^.  Makes  isotropic  body.  [Riley] 
Service  temperature  is  limited  by  eutectic  of  each 
carbide-carbon  system. 

For  temperatures  up  to  1^00®C,  perhaps  higher. 

Sl^N^/Ta  fibres  0.025  inch  Hot-pressed. 

30-fold  increase  in  impact  strength 
but  oxidation  resistance  less  than 
that  of  Si^Ni^.  [Brennan] 

For  temperatures  up  to  about  600°C. 

77^0  Glass/0.056"  Borsic  or  0.057  Borsic  (Other 

glasses  might  increase  range  above 
800°C. ) 

Other  reinforcements  of  some  promise: 
SiC,  Graphite,  Al^O^  FP(duPont)  [Prewo] 

For  unspecified  temperature  (but  high) . 

Graphlte/BN  reinforcement  [Paquette] 

General  concept  for  tough  CMC:  Depends  largely  upon  energy 

absorption  by: 

Toughness  of  the  reinforcing  fibre 
itself 

Pull-out  of  fibres 

Phase  transformation 

Line  tension  (interpartlcle  spacing 
must  be  small  with  respect  to  length 
of  crack. ) 

Microcracking 

Dispersion  strengthening  [Rice] 
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other  high-temperature  systems.  I 

AlpO,/30  vol  pet  BN.  Very  rough  fracture  surface 
^ indicates  toughness. 

B^C/50  Oraphite.  Same  observation.  [Rice]  i 

B.  MODES  OF  FABRICATION  i 

Make  fibre-reinforced  composite  by  unidirectional  solidi- 
fication of  eutectic;  crush;  hot-press.  Great  improvement  in 
strength.  [Chapman] 

Can  make  either  fibrous  or  lamellar  reinforcement  by 
directional  solidification. 

Spacing  between  lamellae  or  fibres  is  linearly,  but 
inversely  proportional  to  the  solidification  rate. 

Crystallography  of  the  oxide  matrix  is  wholly  deter- 
mined by  the  oxygen  sublattice. 

An  oxide/oxide  composite  is  best  built  in  situ. 

A strong  Interfacial  bond  is  required  for  service 

above  1000°C.  [Bradt] 

Make  SiC/Sl  composites  (some  are  already  commercial)  thus: 

Mill  the  SiC  to  size 
Mix  with  thermosetting  plastic 

Injection-mold  ‘ 

Add  Si  (is  it  llauid  Si  or  SiF^?)  i 

Reaction-sinter  j 

Shrinkage  during  carbonizing  of  plastic;  none  I 

1 

in  siliciding.  | 

Leaves  R-10  percent  of  free  SI  . 

Now  trying  to  add  C,  finally,  to  react  with  | 

excess  Si.  [Whalen]  \ 


In  the  hot-pressing  of  carbide/carbon  composites,  a chemical 
bond  is  developed  only  if  the  temperature  is  2850°C  or  higher. 

In  new  method  at  LASL: 

Woven  carbon  cloth  is  supplied  Ta  from  TaCl^^. 

The  Ta  coats  all  fibres.  Microstructure  proves 

the  body  to  be  highly  isotropic.  [Riley] 

In  preparation  of  assembled  macrof ibre-relnforced  CMC,  a 
planned  uneven  distribution  of  the  fibres  (e.g.,  more  dense  in 
the  core  than  near  the  surface  of  a body)  is  entirely  feasible. 

Compaction  by  explosives  has  had  some  attention  (AIN,  BeO, 

Sl^N^,  Al^O^,  others).  [Cline] 

Rough  treatment  during  manufacture  may  greatly  strengthen 
a ceramic. 

Phase-transformation  toughening  may  occur  in  machining 
[by  compressive  stress  (perhaps  torsional  too)  applied 
by  the  tool].  For  example,  partially  stabilized  ZrO^- 

Copyrolysis  promotes  uniformity,  strengthening  (2-3  orders 
of  magnitude)  of  glassy  carbon. 

Sol/Gel  methods  produce  homogeneous  composites  of  ZrO^  in 
Al^O^.  (But  sometimes  a bit  of  heterogeneity  is  desirable.)  [Rice] 

C.  INNOVATIONS 

Roy  Rice  thinks  to  splat-cool  ceramic  eutectics  to  achieve 
uniform  microstructure,  then  to  collect  the  material  and  process 
it  in  conventional  modes. 

Carl  Cline  sees  advantage  in  alloy  development  for  metallic 
fibres,  thinking  especially  of  alloys  of  W,  of  Be. 

Cline  expects  value  in  oriented  microstructures.  He  fore- 
sees that  they  could  really  be  built  in  Al20^. 

Cline  thinks  that  we  should  develop  the  potential  of  high 
pressures  in  ceramic  processing. 
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Paquette  reported  that  ribbons  of  graphite  have  been  made, 
only  about  2x10”^  Inch  thick. 

Paquette  cited  progress  in  pressure  slip  casting  of  Al^O^/ 
Al^O^  by  Condon  and  Lewis  at  Alfred  University  (maybe  that  is 
the  way  to  make  radomes). 
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APPENDIX  C 


TECHNICAL  SURVEY  QUESTIONNAIRE 
ON  CERAMIC-MATRIX  COMPOSITES 
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SCIENCE  AND  TECHNOLOGY  DIVISION 
400  Army-Navy  Drive.  Arlington,  Virginia  22202  • Telephone  (703)  558-1000 


\DA 


INSTITinn  I-OK 
OEIENSE  ANALYSES 


Dear  Colleague: 

As  part  of  conducting  an  on-going  study  of  the  technological 
programs  of  the  Department  of  Defense  involving  materials  and 
structures  (a  study  being  done  by  IDA  for  the  Office  of  the 
Director  of  Defense  Research  and  Engineering),  we  are  exploring 
the  potential  of  advanced  Ceramic-Matrix  Composites  for  structural 
use.  Our  aims  are  (1)  to  identify  possible  advantageous  appli- 
cations, (2)  to  evaluate  the  current  state  of  underlying  tech- 
nology, and  (3)  to  establish  guidelines  for  any  future  activity 
of  the  DoD  in  this  field.  For  the  moment,  the  meaning  of 
"Ceramic-Matrix  Composites"  may  be  broadly  interpreted,  the  two 
restrictions  being  that  the  concept  excludes  assembled  macro- 
structures and  that  carbon-carbon  composites,  per  se,  will  not 
be  considered. 


Your  opinions  and  comments  are  earnestly  solicited,  and 
will  be  gratefully  received.  As  an  indication  of  the  sort  of 
information  desired,  a brief  questionnaire  of  simple  format  is 
enclosed,  but  you  should  feel  free  to  organize  your  reply  in 
another  fashion  if  you  prefer. 

Like  all  who  are  asked  to  participate  in  this  survey, 
you  have  been  selected  on  the  basis  of  your  experience  and 
professional  standing.  Your  response  to  the  enclosed  questions 
therefore  constitutes  a valuable  contribution  to  the  planning 
of  future  DoD  technology  base  programs  Involving  such  composites. 


If  at  all  possible,  a reply  within  two  weeks  would  be 
highly  desirable. 


End . 


Sincerely, 


Z VWv. 

ohn  E.  Hove 


uunn  nuTc  j 


H.M.  (George)  Davis 
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mCSDXNO  MM  BLANC-NDT  rUMED 


lai 

Mailing  Address 


Business  Telephone 


Zip_ 

Area  Code 


Background  (approx  yrs.)  R&D  Manufacture  Use 

-in  Ceramics  

-in  Composites  

—in  Ceramic-Matrix 

Composites  


1.  Do  you  know  of,  or  can  you  conceive,  structural  functions 
in  which  Ceramic-Matrix  Composites  might  provide  superior 
service?  Yes No 


If  you  answered  "yes",  will  you  please  cite  examples? 
Any  discussion  you  care  to  add  would  be  welcome. 


In  your  judgement,  is  the  development  of  useful  structural 
Ceramic-Matrix  Composites 

a)  feasible  , 

b)  a difficult  possibility  , or 

c)  probably  impossible  ? 


Given  the  problem  of  (2),  suggest  systems  that  you  consider 
worthy  of  investigation  toward  the  devel opment  of  structural 
Ceramic-Matrix  Composites.  Please  discuss  briefly. 


Other  comments  or  suggestions. 


